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ABSTRACT 


Aerobic  capacity  is  limited  by  the  amount  of  oxygen 
delivered  to  the  working  muscles  and  the  rate  of  utilization 
of  oxygen  at  the  tissue  level.  At  a  given  arterial  oxygen 
content  the  amount  of  oxygen  delivered  is  a  function  of  blood 
flow.  Blood  flow  is  in  turn  dependent  upon  vascular  hin¬ 
drance  and  blood  viscosity.  To  assess  whether  aerobic  condi¬ 
tioning  might  alter  oxygen  transport  through  changes  in  blood 
viscosity,  several  components  of  blood  viscosity  were 
measured  in  healthy  women.  Forty-seven  women  (fifteen  seden¬ 
tary  women,  14  joggers  who  ran  5-15  miles  per  week  and  18 
marathoners  who  ran  more  than  50  miles  per  week)  were  evalu¬ 
ated.  When  evaluated  by  maximum  exercise  tolerance  on  the 
Bruce  protocol,  they  had  clearly  different  maximal  aerobic 
capacities,  34.1  +  5.5,  44.8  +  4.4  and  51.0  +  5.2  ml*  kg-1* 
min-1,  respectively,  for  the  sedentary  group,  joggers  and 
marathoners . 

There  were  no  significant  differences  in  resting  whole 


blood  viscosity,  hematocrit,  plasma  viscosity,  erythrocyte 
sedimentation  rate,  zeta  sedimentation  ratio  or  plasma  pro¬ 
tein  concentration  among  the  three  conditioning  groups. 
Immediately  following  exercise  and  after  recovery  all  groups 
demonstrated  similar  changes  in  blood  viscosity  factors. 
Conditioning  levels  and  aerobic  capacities  did  not  correlate 
with  resting,  exercise  or  recovery  whole  blood  viscosity  or 
its  components. 

Whole  blood  viscosity  increased  with  exercise  in  all 
subjects.  The  increase  was  greater  than  can  be  attributed  to 
an  increase  in  hematocrit.  It  appears  to  be  due  to  a  coin¬ 
cident  increase  in  plasma  protein  concentration.  However, 
the  increase  in  whole  blood  viscosity  after  exercise  was 
lower  than  expected  given  the  observed  hemoconcentration. 

This  blunted  response  is  attributable  to  a  non-parallel  in¬ 
crease  in  plasma  proteins  and  hematocrit.  Plasma  protein 
concentration  and,  subsequently,  plasma  viscosity  did  not 
rise  to  the  degree  expected.  This  appears  to  be  due  to  a 
disproportionate  loss  of  fibrinogen  from  the  protein  pool. 
These  changes  were  seen  in  each  conditioning  group  and  were 
independent  of  conditioning  level  or  aerobic  capacity. 

In  summary,  in  this  cross  sectional  study  of  women, 
increases  in  whole  blood  viscosity  and  plasma  viscosity  were 
observed  with  exercise.  However,  there  were  no  significant 
differences  in  resting  viscosity  factors  or  in  the  responses 
of  these  factors  to  exercise  based  on  the  level  of  physical 
cond i t ioning . 
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Introduction 


Multiple  biochemical,  hematological  and  hemodynamic  ad- 
justments  occur  with  aerobic  conditioning.  These  changes 
account  for  the  improved  endurance  and  performance  capacities 
which  characterize  physically  fit  indiv iduals . ^ ' 65 ' 66 ' 1 ^ 
While  aerobic  capacity  depends  upon  many  variables,  the  ulti¬ 
mate  limiting  factors  in  maximal  exercise  potential  are  the 
rate  of  transport  of  oxygen  to  the  working  muscle  and  the 
rate  of  utilization  of  oxygen  in  the  working  muscles .  The 

cardiovascular  system  is  the  limiting  factor  in  determining 
blood  flow  and,  therefore,  oxygen  delivery  to  the  tissues. 

Blood  flow  is,  in  turn,  determined  by  arterial  pressure, 

33  154 

arteriolar  geometry,  and  blood  viscosity.  ,  With  all 

other  factors  kept  equal,  any  decrease  in  viscosity  of  blood 

3  6 

would  increase  the  magnitude  of  oxygen  delivery. 

Viscosity  of  blood  varies  with  the  hematocrit,  plasma 

protein  concentration,  temperature,  and  red  cell  deform- 

ability  .  Many  of  these  variables  change  with  exercise 

25  114  151 

and  may  change  with  physical  conditioning.  '  ,  How¬ 

ever,  the  relative  contribution  of  each  is  unclear.  Most 
previous  studies  which  have  evaluated  blood  viscosity  and  its 
relationship  to  physical  fitness  have  had  vague  definitions 

of  fitness  or  have  compared  normal  populations  with  patients 

..  54,55,75,95,116 

with  disease. 

Altering  blood  viscosity  factors  in  various  cardio¬ 
vascular  disease  processes  may  improve  tissue  oxygenation 


1 


5,30,36,37,57,100 


Whether 


and,  therefore,  be  beneficial, 
blood  viscosity  factors  are  significantly  altered  during 
aerobic  conditioning  in  a  healthy  population  is  unclear. 
Changes  in  viscosity  with  conditioning  in  women  have  not  been 
evaluted.  This  study  focuses  on  a  population  of  healthy 
women  in  well-defined  fitness  categories  to  characterize 
blood  viscosity  responses  to  exercise,  and  identify  differ¬ 
ences  which  may  result  from  aerobic  conditioning. 

Physiology  of  Maximal  Exercise 

The  maximal  exhaustive  exercise  is  determined  by  aerobic 

8  112 

capacity,  anaerobic  processes,  and  motivation.  ,  The  rate 

of  aerobic  energy  production  is  dependant  on  and  measured  by 

f  2985138 

the  oxygen  uptake  (VC^)*  '  '  During  exhaustive  exercise 

the  majority  of  the  energy  yield  occurs  from  aerobic  combus- 

8  5 

tion  of  glycogen,  glucose  and  free  fatty  acids.  Anaerobic 

metabolism  occurs  when  exercise  intensity  is  beyond  the 

7  6 

capacity  of  the  body  to  maintain  a  steady  state.  At  maxi¬ 
mal  exercise,  exhaustion  is  accompanied  by  high  lactate 
levels.  Lactic  acidosis  and  motivation  factors  determine  an 
individual's  final  endpoint  for  a  given  exercise  test. 

Controversy  still  exists  over  what  limits  maximal 
6  5  8  8 

aerobic  capacity.  '  The  volume  of  oxygen  delivered  to  the 
tissue  (cardiac  output  multiplied  by  arterial  oxygen  con¬ 
tent)  ,  as  well  as  the  potential  of  the  periphery  to  use 
oxygen  (mitochondrial  oxidative  enzymes,  capillary  density, 
diffusion  distance,  etc.)  are  both  thought  to  limit  aerobic 
capacity.  During  maximal  exercise  at  sea  level  in  normal 


3 


individuals  the  hemoglobin  is  fully  saturated  in  the  pulmon- 

164 

ary  capillaries  before  it  leaves  the  lungs.  Only  at  high 

altitude  or  with  certain  lung  diseases  will  the  arterial 
oxygen  content  be  compromised.  Pulmonary  function  is  thus 
not  normally  a  limiting  factor  in  exercise. 

There  is  a  high  correlation  between  maximal  oxygen 

64 

uptake  and  cardiac  output.  In  maximal  exercise,  cardiac 
output  may  increase  more  than  five  fold.  The  increased 
cardiac  output  is  a  result  of  increased  stroke  volume  and 
heart  rate.  Increased  preload  due  to  enhanced  venous  return 
coupled  with  an  increased  myocardial  contractility,  results 
in  an  increase  in  the  stroke  volume  by  as  much  as  sixty  per¬ 
cent  with  upright  exercise.  The  maximal  stroke  volume  is 
reached  before  50  percent  of  ty02  max  is  achieved.  The  re¬ 
mainder  of  the  rise  in  cardiac  output  is  the  result  of  an 
increase  in  the  heart  rate.  The  heart  rate  increases  almost 
linearly  with  oxygen  uptake.  Maximal  heart  rates  may  be  four 
or  more  times  greater  than  resting  values. 

In  exercising  man  the  cardiac  output  is  red istr iubted  to 
the  working  muscles  by  significant  alterations  in  vasomotor 
tone.42  Vasodilation  of  resistance  vessels  in  working 
muscles,  as  well  as  vasoconstriction  of  splancnic  regions, 
directs  arterial  blood  to  sites  of  greatest  oxygen  consump¬ 
tion.  In  the  working  muscle  itself,  vasodilation  is  effected 
through  the  release  of  vasoactive  metabolites,  increasing 
blood  flow  as  much  as  15-20  times  above  resting  levels.17,144 
At  high  levels  of  exercise  nearly  all  capillaries  in  working 


4 


muscle  are  open  and  diffusion  distance  for  oxygen  from  red 
blod  cells  to  myofibrils  decreases.  Oxygen  unloading  from 
hemoglobin  is  enhanced  by  a  decreased  P02  in  the  tissue  and 
by  increased  hydrogen  ion  concentration,  PCC>2,  and  tempera¬ 
ture.  The  latter  changes  shift  the  hemoglobin-oxygen  disso¬ 
ciation  curve  to  the  right  and  increase  oxygen  unloading  from 

15  2 

hemoglobin  at  the  tissue  level.  The  ability  to  utilize 

oxygen  is  determined  by  the  oxidative  capacity  of  the  tissues 
which  is  dependent  on  mitochondrial  enzymes.  During  exercise, 
the  increase  in  temperature  also  increases  enzymatic  effi¬ 
ciency  of  the  oxidative  processes,  which  convert  oxygen  into 
high  energy  phosphates  for  work.  The  summation  of  the  phy¬ 
siologic  changes  listed  above  may  increase  oxygen  consumption 

17 

in  the  working  muscle  sixty  fold  over  resting  levels.  As 

the  demand  for  oxygen  goes  beyond  the  maximal  delivery  capa¬ 
bility,  increasing  levels  of  exercise  are  sustained  through 
the  addition  of  energy  by  anaerobic  metabolism.  The  amount 

of  energy  made  available  by  this  process  (creatine  phophate 

8  5 

and  glycolysis)  is  limited.  Without  oxygen,  the  end  pro¬ 
duct  of  the  energy  release  from  glucose  is  lactate  or 
pyruvate.  The  depletion  of  energy  substrates  and  the  accu¬ 
mulation  of  lactate  may  be  the  limiting  factors  for  voluntary 
exercise.76  The  ability  of  a  subject  to  cope  with  the  dis¬ 
comfort  of  exercise  induced  by  acidosis  then  becomes  a  major 
determinant  of  the  duration  of  exercise. 

Physiology  of  Aerobic  Conditioning 


Aerobic  physical  conditioning  results  from  regularly  re- 


5 


peated  exercise  of  a  sufficient  level  to  increase  the  capa¬ 
bility  of  the  cardiovascular  system  and  working  muscles  to 
support  high  levels  of  sustained  exercise.  The  best  measure 
of  the  level  of  physical  conditioning  or  physical  fitness  is 
the  maximal  aerobic  capacity  or  maximal  oxygen  uptake  (VC>2 

max  expressed  in  liters  C^/min  or  ml  kg~^*min~'*' )  .  11-^ 

The  improvement  of  maximal  aerobic  capacity  is  directly 
related  to  the  frequency,  intensity  and  duration  of  training. 
For  aerobic  conditioning  to  occur,  training  must  be  suffi¬ 
cient  to  elevate  the  heart  rate  to  75-80%  of  maximal  for 

4 

20-30  minutes  for  a  minimum  of  three  times  a  week.  Since 
total  body  mass  and  fat  weight  are  usually  reduced  in  con¬ 
ditioning  programs,  while  lean  body  mass  may  increase 
slightly,  it  is  often  useful  to  express  VC>2  max  not  only  in 

liters/min  and  ml*  kg  "'‘•min  1 ,  but  also  ml*  kg  ^  min  1  lean 

.  .  -14 

body  mass 

Physical  conditioning  results  in  a  number  of  cardio¬ 
vascular,  musculoskeletal  and  metabolic  adaptations  which 
enhance  delivery  and  utilization  of  oxygen  resulting  in 
greater  endurance  and  higher  maximal  aerobic  capacity. 
Cardiovascular  adaptations  include  a  larger  stroke  volume  and 
a  decreased  heart  rate  at  any  given  submaximal  work¬ 
load.64'66,85,131  A  significant  increase  in  capillary 
density  in  exercising  muscles  decreases  the  diffusion  dis¬ 
tance.  Enhanced  mitochondrial  enzymatic  capability  for 
pyruvate  and  fatty  acid  oxidation  (40%  over  preconditioning 
levels)  increases  the  potential  for  oxygen  utilization.  As  a 


6 


result  an  increase  in  the  arteriovenous  (A-V)  difference  in 

oxygen  content  at  maximal  exercise  is  often  observed  after 
8  3 

cond it ioning . 

The  circulating  blood  volume  also  expands  with  condi¬ 
tioning  .  , 1 17  Increases  in  total  hemoglobin  and  plasma 

volume  as  great  as  18%  and  30%,  respectively,  have  been  re- 
23 

ported.  Because  plasma  volume  increases  exceed  gains  in 

red  cell  mass,  a  decrease  in  the  hematocrits  of  endurance 

athletes  often  occurs.  The  expanded  plasma  volume  in 

endurance  athletes  allows  better  dissipation  of  greater 

thermal  loads  generated  by  exercise,  while  the  hemodilution 

119 

may  decrease  blood  viscosity. 

With  long  term  strenuous  activity  an  increased  loss  of 

red  blood  cells  may  occur.61,123  This  has  been  termed 

"sports  anemia."  Exercise-induced  loss  of  red  cells  in 

normal  individuals  may  result  from  traumatic  destruction  of 

cells  from  such  activities  as  karate,  conga  drumming  and 

running  on  hard  surfaces.  Increased  osmotic 

fragility  of  the  red  cells  due  to  low  protein  diets  or 

heritable  red  cell  abnormalities  or  diseases  may  be 

significant  factors  in  some  cases.36'130,139  With  improved 

training  regimens  and  improvements  in  running  shoes,  exercise 

induced  "sports  anemia"  is  less  likely  to  occur  in  normal 

ind iv iduals . 

Rheologic  Principles 

The  hemodynamics  during  exercise  are  dependent  upon  the 
rheologic  or  flow  properties  of  the  blood  and  the  vascular 
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hinderance.43' 108  Poiseuille,  in  1840,  working  with  stiff 
tubes  and  saline-like  fluid,  was  the  first  to  develop  a 
mathematical  formula  to  describe  fundamental  rheological 
principles : 

0  =  tt  APr  4 

8  Til 

As  can  be  seen  from  this  equation,  blood  flow  (Q)  is 
inversely  proportional  to  the  tube  (e.g.,  capillary)  length 
(1)  and  viscosity  (n)  and  directly  proportional  to  the  pre¬ 
ssure  difference  across  the  tube  (i.e.,  arterial-venous 
pressure  differences)  (AP)  and  the  radius  (r)  of  the  tube 
raised  to  the  fourth  power.  it/8)  is  the  proportionality 
constant.  According  to  this  equation,  if  length  is  doubled, 
flow  is  halved.  In  contrast,  as  the  radius  is  doubled,  flow 
is  increased  sixteen  fold. 

Viscosity  is  a  measure  of  resistance  of  fluid  to  flow. 

It  is  defined  technically  as  the  ratio  of  shear  stress  ( t )  to 
shear  rate  (Y).  The  shear  stress  is  a  measure  of  force 
applied  in  the  direction  of  motion  divided  by  the  area  of 
overlap.  The  shear  rate  is  the  velocity  of  the  shearing 
surface  taking  into  account  the  thickness  of  the  fluid.  The 
unit  of  measure  of  viscosity  is  the  centipoise  (cP). 

Biological  fluids  may  be  defined  as  Newtonian  or  non- 
108 

Newtonian.  For  Newtonian  fluids  the  viscosity  remains 

constant  over  a  wide  range  of  shear  rates.  Newtonian  fluids 
include  oils,  honey,  saline,  and  plasma.  However,  whole 
blood  is  non-Newtonian  and  the  ratio  of  to 


is  not 


constant.  Blood  viscosity  decreases  as  shear  rate 
32 

increases.  The  non— Newtonian  characteristics  of  whole 
blood  are  due  to  several  factors:  1)  red  cells  tend  to 
agregate  when  in  exposed  to  low  shear  rates  or  undisturbed  i 
plasma,  2)  whole  blood  is  in  suspension  of  red  cells  in  a 
plasma  protein  mixture  and  3)  red  cells,  alone,  posses 
complex  viscosity  properties. 


THE  VARIABILITY  OF  BLOOD  VISCOSITY 


_ I _ I _ I _ I _ I _ I 

10-2  10"1  1  10  102  103 

SHEAR  RATE,  sec1 


Modified  from:  Chein,  1972  tnd  1975 


NP  =  normal  red  cells  in  plasma  1.2  cP 

NA  =  normal  red  cells  in  saline  albumin  1.2  cP 

HA  =  acetyl aldehyde  hardened  in  salien  albumin  1.2  cP 

The  above  figure  demonstrates  the  variability  of  blood 
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viscosity  with  shear  rate.  All  three  suspensions  have  an 
hematocrit  of  45%  in  a  suspending  media  of  1.2  cP.  Ag- 
gregability  of  cells  caused  by  bridging  of  the  cells  by 
plasma  proteins  (especially  fibrinogen)  markedly  increases 
viscosity  at  low  shear  rates.  Deformation  of  red  cells 
(either  in  albumin  (NA)  or  plasma  (NP))  decreases  the  vis¬ 
cosity  of  the  blood  at  moderate  and  high  shear  rates.  There¬ 
fore,  the  non-Newtonian  characteristics  of  whole  blood  are 
due  to  aggregability  at  low  shear  rates  and  deformation  at 
high  shear  rates.  Hardened  cells  (HA)  in  suspension  cannot 
aggregate  or  deform.  Therefore,  the  viscosity  remains 
constant,  i.e.,  Newtonian,  at  all  shear  rates. 

Normal  red  cells  deform  at  high  shear  rates  resulting  in 
more  efficient  flow.  As  the  cells  become  less  deformable  the 
suspension  becomes  increasingly  viscous.  Therefore,  normal 
cells  in  plasma  have  a  much  higher  viscosity  at  low  shear 
rates  than  hardened  cells  due  to  increased  aggregability,  yet 

have  a  much  lower  viscosity  at  high  shear  rates  due  to  the 

33 

ability  of  the  cells  to  deform. 

Whole  Blood  Viscosity  Factors 

Blood  viscosity  is  a  function  of  several  factors:  red 

cell  concentration  (hematocrit),  plasma  viscosity,  cell 

n  n  *1  £-  a 

aggregation,  and  cell  def ormabil ity .  '  These  factors  are 

not  independent  of  one  another.  For  example,  an  increase  in 
hematocrit  may  also  increase  aggregability  by  bringing  the 
cells  into  closer  proximity.  A  brief  discussion  of  blood 
viscosity  factors  follows  to  explain  their  significance  in 
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the  exercising  man. 

Hematocrit 

Red  cell  concentration  or  hematocrit  is  the  single  most 

important  determinant  of  blood  viscosity.10  At  a  constant 

plasma  viscosity  and  shear  rate,  an  exponential  increase  in 

8  2 

blood  viscosity  is  observed  with  elevations  in  hematocrit. 

This  relationship  is  lost  at  very  high  and  low  hemato- 

crits.  '  At  hematocrits  below  20%  plasma  viscosity  is 

the  primary  determinant  of  blood  viscosity.  At  hematocrits 

greater  than  50%  small  increases  in  hematocrit  markedly 

increase  viscosity.  Thus,  resistance  to  flow  increases  at  a 

much  greater  rate  than  hematocrit.  The  tissue  P02  is  a 

function  of  the  systemic  hematocrit  and  the  capillary/ 

systemic  hematocrit  ratio.  Elevation  of  systemic  hematocrit 

9  8 

above  normal  values  depresses  capillary  transport.  The 

tissue  PC>2  remains  almost  constant  for  hematocrits  from  10% 

to  40%,  but  significant  decreases  in  tissue  P02  occur  when 

98 

systemic  hematocrit  rises  above  50%. 

Microvascular  Hematocrit 

The  hematocrit  in  large  veins  is  greater  than  in  smaller 
vessels.  In  man  the  average  hematocrit  for  the  entire  vascu¬ 
lature  is  approximately  0.87  of  the  hematocrit  of  the  large 

vessels. This  difference  is  due  to  the  low  red  cell  con- 

99 

centration  in  capillary  beds  and  small  bore  vessels.  In 

his  classical  studies,  Fahreus  showed  that  the  hematocrit  of 

blood  flowing  through  small  tubes  was  less  than  that  in  the 

69 

feeding  reservoir. 


This  effect  was  attributed  to  the 
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clustering  of  red  cells  in  the  center  of  the  vessel  with 
plasma  streaming  along  the  vessel  walls.  Red  cells  in  the 
center  move  more  rapidly  than  the  plasma  cuff.  As  a  result, 
the  concentration  of  red  cells  in  a  cross  sectional  area  at 
any  instant  is  lower  than  the  concentration  that  passes 
through  that  area  in  a  specified  time.  The  effective  hemato¬ 
crit  is  thus  reduced  and  consequently  the  blood  viscosity  is 
considerably  reduced  as  compared  to  that  in  large 
vessels,^'  In  the  small  vessels  and  capillary  beds  the 

hematocrit  may  be  as  low  as  8-20%. 

The  decrease  in  viscosity  due  to  a  low  microvascular 
hematocrit  is  known  as  the  Fahreus-Linquist  effect.  Recent 
in  vivo  techniques  have  confirmed  the  effect  of  reduced 
microvascular  hematocrit  on  viscosity.  Measurements  of 

viscosity  by  _in  vitro  and  _in  vivo  methods  compare  favorably 

9  9 

in  blood  vessels  at  physiologic  shear  rates.  Differences 

in  viscosity  as  determined  by  _in  vitro  versus  i_n  vivo  methods 

result  from  inertial  losses  which  occur  in  the  vasculature  in 

vivo.15'96  In  tjie  xnicr0vasculature ,  because  of  the  Fahreus- 

Linquist  effect,  plasma  viscosity  has  more  influence  on  whole 

8  1 

blood  viscosity  than  in  the  larger  vessels. 

Plasma  Viscosity 

The  second  major  determinant  of  whole  blood  viscosity  is 
plasma  viscosity.  Plasma  viscosity  is  primarily  dependent  on 
plasma  protein  concentrations  and  temperature.  Between  27°C 

and  37°C  a  linear  inverse  relationship  exists  between  temper- 

123  .  . 

ature  and  plasma  viscosity.  For  every  degree  increase  in 


12 


temperature  the  viscosity  decreases  by  two  to  three  percent. 

Plasma  viscosity  is  strongly  correlated  with  plasma 
protein  concentration.  Fibrinogen  and  globulin  fractions 
have  the  greatest  influence  and  albumin  has  minimal 
ef f ects . ^ ^ ^  Proteins  increase  viscosity  through  perturba¬ 
tions  of  fluid  streamlines.  The  more  asymmetric  the  mole¬ 
cule,  the  greater  its  hydrodynamic  effect. Fibrinogen, 
because  of  marked  axial  asymmetry,  produces  the  greatest 
influence  on  plasma  viscosity.  The  large  globulin  proteins 
also  affect  plasma  viscosity,  but  crystalloids  and  smaller 
more  spherical  albumin  molecules  do  not. 

Agg regab ility 

The  third  major  determinant  of  whole  blood  viscosity  is 
red  blood  cell  aggregabil ity .  This  is  the  tendency  for  red 
cells  to  interact  to  form  rouleaux  or  microaggregates  of 
cells.  The  attraction  of  red  cells  for  each  other  is  pri¬ 
marily  dependent  on  macromolecular  bridging  by  plasma  pro- 

40 

teins  (primarily  fibrinogen).  Aggregabil ity  is  also 
influenced  by  extrinsic  factors,  such  as  shear  stress  at  the 
cell  surface,  cell  concentration,  and  plasma  protein  concen- 

o  c  o  £ 

tration.  '  Intrinsic  properties  of  red  cells,  such  as 

affinity  for  plasma  proteins,  surface  electric  charge  ( zeta 

potential)  and  deformabil ity  also  affect  aggregabil ity . 

During  flow,  the  forces  that  favor  red  cell  aggregation  are 

149 

counteracted  by  shear  stresses  at  cell  surfaces.  In  slow 

flow  areas  of  the  circulation,  where  the  shear  stress  is  very 
low,  aggregates  of  red  cells  readily  form.  As  shear  rates 
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increase  there  is  a  gradual  breaking  up  of  aggregates  into 
rouleaux,  then  total  dispersion  of  the  cells.93  The  disper¬ 
sion  of  red  cells  decreases  viscosity  by  reducing  pertur¬ 
bations  in  fluid  streamlines.354 

Affinity  of  red  cells  for  plasma  proteins  determines  the 
bridging  between  cells  and  is  in  large  part  dependent  on  the 
surface  electric  charge  of  the  cell.  N-Acetylneuraminic  acid 
residues  on  the  exterior  of  the  bilipid  membrane  give  a  net 


negative  charge  (the  zeta  potential)  to  the  red  cell.102  The 

greater  the  zeta  potential  the  greater  the  repulsive  forces 

between  cells.  As  red  blood  cells  age  their  zeta  potential 

decreases  and  they  aggregate  more  readily.  The  concentration 

of  red  cells  is  also  a  determinant  of  aggregabil ity  since  as 

red  cell  concentration  increases,  the  closer  proximity  of 

individual  red  cells  favors  cell-cell  interaction.53 

Red  cells  must  also  be  flexible  for  macromolecular 

bridging  to  occur  and  cannot  aggregate  when  hardened  by 

32 

treatment  with  acetylaldehyde. 

Aggregabil ity  of  cells  is  difficult  to  quantify.  It  may 

be  assessed  directy  by  optical  methods,  low  shear  rate  visco- 

metry,  or  erythrocyte  sedimentation  rates.56,93  The  zeta 

sedimentation  ratio  is  a  relatively  recent  method  which 

assesses  aggregabil ity  without  having  to  correct  for  changes 

in  hematocrit.24,26'149 
Red  Cell  Def ormabil ity 

The  last  major  deteminant  of  whole  blood  viscosity  is 


the  def ormabil ity  of  the  red  cell.  Def ormabil ity  is 
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determined  by  the  interaction  of  membrane  properties,  cell 
geometry,  and  the  internal  viscosity  of  the  erythro¬ 
cyte  . 33 ' 106 ' 107 ' 109 ' 132 

The  red  blood  cell  membrane  is  a  fluid  mosaic  of 
proteins  floating  in  a  lipid  bilayer.  The  membrane  is  quite 
flexible  and  the  cell  behaves  as  a  fluid  droplet  around  which 
the  membrane  rotates  in  a  manner  described  as  "tank  tread¬ 
ing".  only  under  pathologic  conditions  does  the  mem¬ 

brane  become  a  significant  factor  in  affecting  the  deform- 
ability  of  the  cell.^84 

The  biconcave  disc  shape  of  the  red  cell  gives  it  a 
large  excess  of  membrane  per  unit  volume  of  cellular  con¬ 
tents.  This  excess  of  membrane  allows  marked  deformation  of 
the  cell  without  rupturing  the  membrane.  However,  in  a 
number  of  pathologic  states  including  immune  mediated  hemo¬ 
lytic  disease  and  sickle  cell  disease,  membrane  is  lost  from 
the  surface  of  the  cell.  As  the  surface  area  (membrane)  to 
cell  volume  ratio  decreases,  the  risk  of  cell  rupture  with 
deformation  increases  markedly. 

Internal  viscosity  of  the  red  cell  also  influences 
deformabil ity .  It  is  dependent  upon  the  concentration  and 
character  of  hemoglobin  within  the  cell,  and  the  metabolic 
state  of  the  cell.84'162  Increased  hemoglobin  concentration 
within  individual  cells  increases  internal  viscosity.  In 
addition,  when  aggregation  of  hemoglobin  molecules  occurs,  as 
in  sickle  cells  at  low  oxygen  tensions,  red  cell  internal 
viscosity  increases  and  the  cells  are  much  less  deform- 
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able.38'1"*4  Red  cell  ATP  content  and  calcium  concentration 

41  150 

also  influence  internal  viscosity.  '  As  red  cells  age 

the  decrease  in  ATP  content  and  the  increase  in  calcium 
concentration  increase  cell  viscosity. 

Temporal  Changes  in  Blood  Viscosity  in  Premenopausal  Women 

Blood  viscosity  factors  in  women  have  been  reported  to 

change  with  age,  the  menstrual  cycle,  and  oral  contracep- 
53  58  86 

tives.  '  '  One  report  suggests  that  higher  whole  blood 

viscosity  in  post-menopausal  women  (ages  55-80)  is  due  to 

58 

significantly  higher  fibrinogen  concentrations.  This  study 
found  no  significant  variations  with  age  in  blood  viscosities 
for  women  between  15  and  55  years  of  age  or  in  men  between 
ages  15  and  80  years  of  age.  These  blood  viscosities  were 
measured  at  moderate  and  high  shear  rates,  and,  therefore, 
differences  in  aggregability  due  to  fibrinogen  concentrations 
would  not  have  been  detected. 

Cyclic  variation  in  blood  viscosity  with  circadian 
rhythms,  as  well  as  menstrual  and  seasonal  cycles  have  been 
reported.12,46,119'136  Hematocrit,  plasma  protein  concentra¬ 
tion  and  whole  blood  viscosity  cycle  daily  with  highest 
levels  occurring  in  the  early  morning  followed  by  gradual 
decreases  throughout  the  day  to  minimal  values  near  midnight. 

Blood  viscosity  at  low  shear  rates  (0.01  sec  3)  may  be 
increased  twenty-fold  in  the  last  week  before  onset  of 
menses.56  Viscosity  decreases  rapidly  during  menstruation, 
levels  off  in  the  early  follicular  stage  and  then  remains 
stable  until  the  third  week.53  The  hematocrit  remains  rela- 
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tively  stable  and  there  is  little  change  in  viscosity  at 
higher  shear  rates  during  the  menstrual  cycle.  Increased 
fibrinogen  and  globulin  concentrations  which  increase  aggre- 
gability  of  red  cells  at  low  shear  rates  are  probably  respon¬ 
sible  for  the  major  rheological  alterations  that  occur  during 

C  C 

the  menstrual  cycle. 

Oral  contraceptives  have  been  reported  to  decrease  de- 

formability  of  red  blood  cells  and  increase  whole  blood 
6  118 

viscosity.  '  Four  male  volunteers  taking  oral  contracep¬ 

tive  medication  also  developed  increased  filtration  times 
suggesting  decreased  def ormabil ity  of  red  cells.  Decreased 

filtration  of  red  cells  demonstrated  by  Oski  was  reversed 

118 

after  women  discontinued  use  of  oral  contraceptives. 
Dintenfass  suggested  that  much  of  the  increase  in  viscosity 
was  due  to  an  increase  in  internal  viscosity  of  the  red 
cell.53 

As  an  adaptation  to  heat  stress,  plasma  volume  increases 
and  hematocrit  decreases  in  individuals  exposed  to  the  heat 
during  the  summer  months.  Therefore,  seasonal  variations  may 
result  in  higher  viscosities  in  the  winter  and  lower  viscosi- 
ties  during  the  summer. 

Viscosity  and  Exercise 

Few  studies  have  examined  whole  blood  viscosity  with 
exercise.  The  results  of  this  limited  number  of  studies 
suggest  increases  in  whole  blood  viscosity  due  to  an  increase 
in  hematocrit.  Since  plasma  water  is  lost  without  an  equal 
loss  in  plasma  proteins,  increases  in  plasma  viscosity,  as 
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well  as  increased  red  cell  aggregabil ity ,  should  increase 
whole  blood  viscosity  at  any  given  red  cell  concentration. 
Increases  in  hydrogen  ion  concentration  with  exercise  may 
alter  the  def ormabil ity  of  the  red  cell  and  further  increase 
whole  blood  viscosity  with  exercise.  Controlled  studies  of 
the  effect  of  conditioning  on  whole  blood  viscosity  in  a 
healthy  population  are  not  available. 

Hemoconcentrat ion  with  Exercise 

As  discussed  above,  the  concentration  of  red  cells  as 
assessed  by  the  packed  cell  volume  (hematocrit)  is  the  single 
most  important  determinant  of  whole  blood  viscosity.  With 

short  term  maximal  exercise  in  humans  the  hematocrit  may 

k  „  48,157,158 

increase  by  4-10%. 

The  hemoconcentration  produced  by  exercise  is  due  to 
transcapillary  shifts  which  result  from  increased  filtration 
pressures  and  increased  osmolality  of  tissues.  In  man,  since 
the  total  red  cell  mass  does  not  change  acutely  with  exer¬ 
cise,  any  increase  in  hematocrit  reflects  a  decrease  in 
plasma  volume.89'115  This  is  in  contrast  to  the  dog  and 
horse  where  marked  hemoconcentration,  as  well  as  an  increase 
in  blood  volume,  occurs  with  exercise  because  of  the  injec¬ 
tion  of  red  cells  into  the  circulation  by  contraction  of  the 
spleen.104'121'122  The  loss  of  plasma  volume  from  intra¬ 
vascular  spaces  with  exercise  in  man  is  thus  closely  corre¬ 
lated  with  hematocrit  changes  and  varies  with  the  duration, 

_  .  101,111/136,155,165  .  . 

intensity,  and  method  of  exercise.  witn 

maximal  upright  treadmill  exercise,  for  example,  plasma  water 
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48  114 

loss  varies  from  10  to  20%. 

During  moderate  to  heavy  exercise  lasting  20  minutes  the 

greatest  percentage  loss  of  plasma  water  occurs  in  the  first 
111 


six  minutes. 


Plasma  water  shifts  resolve  quickly  after 


exercise  and  hematocrit  generally  returns  to  control  values 

between  20  minutes  and  one  hour  after  exercise.111 

Plasma  protein  concentrations  are  inversely  related  to 

plasma  water  content.  The  degree  of  change  of  plasma  protein 

concentration  with  exercise  is  directly  related  to  the  degree 

of  acute  plasma  water  movement  from  the  intravascular  space. 

In  the  past,  changes  in  plasma  protein  concentration  have 

2  51 

been  used  to  calculate  plasma  volume  loss  with  exercise*  f 
However,  several  investigators  have  now  demonstrated  movement 

of  plasma  proteins  into  and  out  of  the  vascular  space  with 
exercise.48,137'155  This  loss  of  plasma  proteins  varies  with 
the  duration,  intensity  and  method  of  exercise.155  Almost 
all  proteins  remain  within  the  intravascular  space  with 
moderate  exercise.  However,  with  maximal  treadmill  exercise, 
leakage  of  up  to  5.0%  of  the  total  protein  content  may 
occur.157'158  Not  all  investigators  have  found  such  protein 
movements.  Senay  reported  significant  losses  of  plasma  pro¬ 
teins  with  cycle  exercise,  but  not  with  treadmill  exer- 
155 

cise . 

Optimal  Hematocrit 

The  hemoconcentration  of  exercise  augments  oxygen 
carrying  capacity.  However,  the  resultant  increase  in  vis 
cosity  reduces  blood  flow.33  At  very  high  hematocrits  in- 
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creasing  the  red  cell  concentration  will  not  enhance  oxygen 

98 

delivery  because  it  decreases  flow.  An  optimal  hematocrit 

for  the  transport  of  the  maximal  amount  of  hemoglobin  per 

146 

unit  time  has  been  determined  jLn  vitro.  This  calculated 

value  for  the  optimal  hematocrit  for  maximal  oxygen  delivery 

closely  matches  the  observed,  resting  hematocrit  for  several 

species,  including  man.  These  results  suggest  that  the 

assumptions  made  during  the  Jji  vitro  simulations,  including 

the  impact  of  viscosity  on  blood  flow  are  correct. 

The  optimal  hematocrit  for  oxygen  delivery  increases  as 

154. 

the  shear  stress  increases.  With  exercise  the  mean 

arterial  pressure  rises,  circulation  time  decreases,  and 
greater  shear  stresses  occur  in  the  circulatory  tree.  Hemo- 
concentrat ion  thus  serves  to  more  closely  approximate  the 
optimal  hematocrit  for  the  conditions  in  the  vascular  tree 
that  occur  with  exercise.  The  resulting  maximal  oxygen 
transport  is  enhanced,  perhaps  contributing  to  improved 
aerobic  capacity. 

Hematocrit  in  Microvasculature  with  Exercise 

During  exercise,  blood  flow  to  striated  muscle  beds  is 
increased.  Klitzman  found  that  (in  an  isolated  _in  vivo 
capillary  preparation)  moderate  stimulation  of  skeletal 
muscle  markedly  increased  red  blood  cell  velocity  through 
these  vascular  beds  while  almost  doubling  the  hematocrit  from 
10.4  to  18.7  percent . 92  When  these  beds  were  perfused  with 
adenosine  to  maximally  dilate  the  vessels  the  hematocrit 
approached  40  percent.92  The  oxygen  supply  to  tissues  is 


determined  by  the  rate  of  flow  of  red  blood  cells,  not  just 
the  hematocrit.  Therefore,  equal  amounts  of  oxygen  may  be 
delivered  by  a  high  hematocrit  at  a  low  velocity  of  flow  or 
by  a  low  hematocrit  at  a  high  velocity  of  flow.  With  exer¬ 
cise,  increased  flow  and  the  increased  red  cell  concentration 
both  augment  oxygen  delivery  at  the  capillary  level.92  Red 
cell  concentration  still  remains  low  enough  (less  than  20 
percent),  however,  that  the  plasma  viscosity  is  a  major 
determinant  of  overall  viscosity  of  the  blood.99 
Plasma  Viscosity  with  Exercise 

During  exercise,  concentration  of  plasma  proteins 
increases  plasma  viscosity.16,95  The  increase  in  plasma 
viscosity  has  been  reported  to  be  independent  of  conditioning 
level.  Globulin  and  albumin  concentrations  were  observed  to 

increase  while  fibrinogen  concentrations  remained  unchanged 

7  3  9  5 

from  pre-exercise  values.  '  Letcher  concluded  that 

fibrinogen  concentration  remained  stable  because  of  increased 

f ibrinogenolysis  with  exercise.  Others  have  concluded  that 

significant  f ibrinogenolysis  does  not  occur  with  exer- 
7  3  8  2 

cise.  '  Increased  deposition  of  fibrinogen  as  fibrin 

within  the  vasculature  may  explain  the  failure  of  fibrinogen 

concentrations  to  increase  as  greatly  as  globulins  with 

72  ... 

plasma  water  loss.  Minimal  changes  in  fibrinogen  concen¬ 
tration  with  exercise  blunt  the  rise  in  plasma  viscosity  and 

it  rises  much  less  than  would  be  expected  from  the  degree  of 

95 

hemoconcentration. 

Aggregabil ity  with  Exercise 
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Very  little  is  known  about  the  effects  of  exercise  on 
red  cell  aggregability .  In  jjn  vitro  methods  ( erytrhocyte 
sedimentation  rates  and  zeta  sedimentation  ratios)  one  would 
expect  increase  in  aggregability  measurements  because  of 
increased  red  cell  and  plasma  protein  concentrations .  As 
hematocrit  increases  with  exercise,  individual  cells  have 
less  distance  between  them,  thus,  bridging  of  red  cells  by 
plasma  protein  (which  are  also  hemoconcentrated )  may  occur 
more  easily.  However,  jji  vivo,  aggregability  of  red  cells 
may  decrease  due  to  1)  decreased  circulation  time  which  would 
place  cells  in  low  shear  rate  compartments  of  the  circulation 
for  shorter  period  of  time,  and  2)  shifts  of  blood  volume 
from  venous  capacitance  vessels  into  arterial  circulation  and 
capillary  beds.  Here,  shear  rates  are  higher  and 
aggregability  may  play  a  lesser  role. 

Red  Cell  Deformability  with  Exercise 

Exercise  may  affect  the  geometry  and  internal  viscosity 
p  n  17 

of  the  red  cell.  '  With  treadmill  exercise,  red  blood 
cells  have  been  variously  reported  to  shrink,  remain  un¬ 
changed  or  swell.48,156,157'160  Changes  in  the  erythrocyte 
size  and  shape  are  a  function  of  the  pH  and  osmolality  of  the 
blood.  The  intensity  of  the  exercise  is  the  primary  deter¬ 
minant  of  these  variables. 157  Iji  vitro  the  red  cell  behaves 
as  an  almost  perfect  osmometer.  In  contrast,  in  v ivo  the 
red  cell  is  remarkably  resistant  to  increases  in  osmolal¬ 
ity.157  Changes  in  pH  and  osmolality  may  cause  changes  in 
the  red  cell  surface  area  to  volume  ratio  and  affect  whole 
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blood  viscosity  through  altered  def ormabil ity  of  the  red 
cells. 32 

In  prolonged  exercise  (2  hours)  at  60-75%  VC>2  max  a  5.5% 

decrease  in  MCV  was  reported  by  Costill,  and  was  correlated 

with  the  degree  of  increased  osmolality.48  Studies  with 

shorter,  more  strenuous  exercise  have  reported  red  cells  to 

be  much  more  resistant  to  volume  changes.  In  two  studies  a 

mean  increase  of  6.0  and  8.3  percent  in  plasma  oncotic 

presssure,  which  would  have  produced  a  4  and  6%  decrease 

respectively  in  MCV  j^n  vitro  produced  no  change  in 

XlX£*156,160  xt  has  recently  been  shown  that  with  maximal 

treadmill  exercise,  erythrocyte  swelling  may  occur  when  the 

blood  pH  is  below  7.10  in  spite  of  marked  rises  in  plasma 
.  157 

osmolality.  The  effect  upon  the  red  blood  cell  of  marked 

acidosis  of  heavy  exercise  may  thus  offset  the  effect  of 
increased  osmolality.  Acidosis  will  augment  the  shift  of 
hydrogen  and  chloride  ions  into  erythrocytes  to  increase 
intracellular  osmolarity,  counteract  increased  plasma 
osmolarity,  and  minimize  movement  of  water  into  or  out  of 
red  cells.388 

In  a  recent  study,  f ilterability  of  red  cells  was 

reduced  the  same  degree  after  exercise  in  coronary  artery 

7  5 

disease  patients  and  normal  subjects.  However,  this  study 

also  reported  no  change  in  plasma  viscosity  after  exercise, 

9  5 

which  is  contrary  to  other  published  reports. 

Conditioning  Level  and  Whole  Blood  Viscosity 


As  stated  earlier,  multiple  physiological  adaptations 
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occur  during  aerobic  conditioning  to  further  increase  oxygen 
delivery  to  the  muscle  tissue  with  exercise.  '  The  effect 

of  increasing  fitness  levels  on  factors  affecting  blood 
viscosity  is  ill-defined.  Previous  studies  which  have 
examined  blood  viscosity  factors  with  fitness  levels  have 
been  very  limited  in  scope  have  had  significant  defects  in 
design.  '  '  Several  studies  by  Dintenfass  and  coworkers 


evaluated  fitness  level  and  blood  viscosity  factors. 


54,55 


The  fitness  level  was  obtained  by  an  arbitrary  formula  (the 
square  root  of  the  total  cycle  ergometer  work  load  minus  1.41 
x  height  in  centimeters  divided  by  0.74  multiplied  by  the  age 
in  years  plus  113).  Twenty  subjects  with  coronary  artery 
disease,  twelve  subjects  with  "low  energy  syndrome",  four 
subjects  with  obstructive  airway  disease,  and  fifteen  normals 
were  evaluated.  Increases  in  whole  blood  viscosity,  plasma 
viscosity,  red  cell  aggregabil ity  and  fibrinogen  concentra¬ 
tion  were  observed  in  the  less  fit  individuals. 

It  is  well-established  many  types  of  cardiovascular 
diseases  are  associated  with  multiple  rheological  perturba¬ 
tions  . 18 '  36/ 145  Improvement  of  blood  viscosity  factors  is 
associated  with  improved  clinical  and  prognostic  evalu¬ 
ation  . 5 ' 30' 37 ' 68  Studies  such  as  these  help  define  normal 
versus  abnormal  patterns  rather  than  the  effect  of  condition¬ 
ing  or  fitness  level  on  blood  viscosity  patterns. 

A  recent  abstract  reported  decreases  in  blood  viscosity 

28 

after  an  eight  week  conditioning  program  in  nine  men.  The 

28 

decrease  was  attributed  to  a  decrease  in  hematocrit. 


How- 
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ever,  aerobic  capacity  was  not  measured  before  or  after  con¬ 
ditioning  to  quantify  and  document  a  training  effect. 
Conditioning  and  Hematocrit 

As  stated  earlier  blood  volume  expands  with  endurance 
23  27  117 

training.  '  '  Many  investigators  have  reported  in¬ 

creases  in  plasma  volume  greater  than  red  cell  mass  with  a 
resultant  decrease  in  the  resting  hematocrit . ^ other 
studies  have  reported  no  significant  difference  in  the 

.  g 

resting  hematocrit  of  athletes  versus  sedentary  subjects. 

Whether  or  not  a  decrease  in  hematocrit  is  beneficial  tor 

increased  aerobic  capacity  is  unknown.  One  study  reported  a 

strong  correlation  between  maximal  aerobic  capacity  and  total 

20 

body  hemoglobin  but  not  hematocrit. 

Conditioning  and  Plasma  Viscosity 

To  date  only  one  study  in  the  literature  addresses  the 

95 

effect  of  endurance  training  on  plasma  viscosity.  Letcher 
observed  a  significantly  lower  resting  plasma  viscosity  in 
runners  (1.20  +_  0.04  cP)  than  in  non-runners  (1.25  +_  0.03 
CP).  The  groups  were  small  (11  men,  and  one  woman  in  the  run¬ 
ning  group  and  12  men  and  1  woman  in  the  non-running  group) 
and  the  differences  between  the  measured  plasma  viscosities 
were  small  (less  than  5%).  The  study  concluded  that  these 
differences  were  due  to  a  significantly  lower  fibrinogen 
concentration  in  the  runners  compared  with  the  non-runners 
(272  +  42  mg/dl  versus  307  +  45  mg/dl  respectively).  Hemo- 
dilution  due  to  an  increased  plasma  volume  with  endurance 
training  was  suggested  as  a  possible  explanation.  However, 
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hematocrit  and  plasma  albumin  concentrations  were  similar  in 
the  two  groups  of  subjects  before  exercise  which  suggests  a 
specific  effect  upon  fibrinogen  levels. 

Other  studies  of  plasma  protein  concentrations  with 
varying  fitness  levels  have  revealed  similar  findings.  Since 
plasma  protein  concentrations  strongly  correlate  with  plasma 
viscosity,  it  is  unlikely  that  differences  in  plasma  vis¬ 
cosity  would  have  been  observed  in  these  studies.  It  is 
known  that  several  diseases  including  hypertension  and  many 
cardiovascular  disorders,  result  in  significant  elevations  in 
plasma  viscosity.37'94  However,  little  is  known  about  the 
effects  of  conditioning  on  plasma  viscosity. 

Conditioning  and  Aggreqabil ity  of  Red  Cells 

Very  limited  data  are  available  on  aggregability  of  red 

cells  at  various  fitness  levels.  In  a  rheology  text 

Dintenfass  reports  that  average  values  for  aggregability 

(measured  by  erythrocyte  sedimentation  rates)  are  much  lower 

53 

for  athletes  than  for  a  "normal"  hospital  population.  How¬ 
ever,  the  data  for  the  "athletes"  was  an  average  from  nine 
individuals  cited  from  unpublished  data  with  no  information 
on  the  level  of  training,  ages,  etc.  Furthermore,  acute 
illness  is  often  associated  with  an  increase  in  fibrinogen  as 
one  of  a  number  of  acute  phase  reactants.  Thus,  even  a 
"normal"  hospital  population  would  be  expected  to  have 
elevations  in  aggregability  independent  of  conditioning. 

The  lower  resting  values  for  fibrinogen  concentration  in 
athletes  reported  by  Letcher  should  also  result  in  a  de- 
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creased  aggregabil ity .  However,  fibrinogen  concentrations 
did  not  vary  with  conditining  levels  in  several  other 
studies.72'73'105 

In  addition,  two  reports  suggest  an  increased  erythro- 

126  1 29 

cyte  turnover  rate  in  endurance  training.  '  This  should 

result  in  a  younger  red  cell  population  with  greater  repul¬ 
sion  forces  and  decreased  aggregabil ity . 

Conditioning  and  Red  Cell  Deformabil i ty 

Even  less  is  known  about  the  effects  of  conditioning  on 
red  blood  cell  deformabil ity .  Marked  decreases  in  red  cell 
filterablity  have  been  noted  in  patients  with  cardiovascular 
disease  and  sickle  cell  disease  as  well  as  in  smokers  and 
diabetics  .  ^  >  127 , 161  However,  normal  individuals  with 

different  fitness  level  have  not  been  studied. 

Specific  Aims 

As  outlined  above,  changes  in  blood  viscosity  could 
favorably  change  blood  flow  and,  thus,  oxygen  delivery  to  the 
working  muscle.  Because  very  little  is  known  about  blood 
viscosity  alterations  with  maximal  exercise  or  the  effect  of 
endurance  training  on  various  blood  viscosity  factors, 
especially  in  women,  blood  viscosity  factors  were  compared 
before  and  after  maximal  exercise  in  three  healthy,  well- 


matched  groups  of  women  who  differed  in  fitness  level. 

The  specific  aims  of  the  present  study  were: 

1.  To  evaluate  the  effects  of  acute  maximal  exercise  on 
factors  affecting  whole  blood  viscosity  in  women. 

2.  To  evaluate  the  effects  of  aerobic  conditioning  on 
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the  various  determinants  of  whole  blood  viscosity  in  women. 


Materials  and  Methods 


Subject  Evaluation 

Forty-seven  healthy,  non-smoking,  premenopausal  adult 
women  were  evaluated.  Fifteen  were  on  no  regular  exercise 
program  and  were  categorized  as  sedentary.  Fourteen  were 
running  5-15  miles  per  week  and  were  considered  moderately 
conditioned  ("joggers").  Eighteen  who  ran  more  than  fifty 
miles  per  week  were  classified  as  highly  conditioned 
("marathoners").  The  three  groups  were  matched  as  closely  as 
possible  for  age,  and  body  habitus.  Attempts  were  made  to 
find  lesser  conditioned  subjects  who  were  lean.  All  subjects 
completed  a  medical  history  questionnaire  (Appendix  2). 

All  subjects  were  free  of  detectable  cardiovascular 
diseases  as  determined  by  a  medical  examination  which 
included  a  twelve-lead  electrocardiogram.  Potential  subjects 
with  a  clinical  history  or  other  evidence  of  medical  problems 
which  could  limit  a  maximal  exercise  performance  were  ex¬ 
cluded  from  the  study.  The  subjects  were  free  from  any 
medication  for  at  least  one  week  prior  to  the  study.  Sub¬ 
jects  who  had  taken  aspirin  in  the  previous  ten  days  or  oral 
contraceptives  in  the  previous  three  months  were  excluded 
from  the  study.  All  sedentary  subjects  and  joggers  and  ten 
of  the  marathoners  were  eumenorrheic .  Of  the  other  eight 
marathoners,  two  were  ol igomenorrheic  and  six  amenorrheic. 

No  pathological  basis  for  the  irregular  or  absent  menses  was 
detected  in  these  eight  runners  and  their  amenorrhea/oligo- 
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menorrhea  was  presumed  to  be  exercise-induced. 

Body  Fat  Determination 

Whole  body  density  was  determined  by  skinfold  measure- 

.  124 

ments  according  to  Pollack  and  by  hydrostratic  weighing. 

Skinfold  thickness  measurements  were  taken  at  the  chest, 

scapula,  triceps,  abdomen,  suprailiac,  anterior  thigh,  and 

axillary  regions.  A  fold  of  skin  and  subcutaneous  tissue  was 

separated  away  from  the  underlying  muscle  and  the  thickness 

measured  and  recorded  to  the  nearest  0.1  mm  using  Holtain 

2 

skinfold  calipers  with  a  constant  pressure  of  10  gm/mm  .  The 
equation  used  to  determine  body  density  was  the  sum  of  seven 

o  7 

sk inf olds : 

a)  Sum  7  =  Chest  +  Abdomen  +  Axilla  +  Subscapular  + 

Suprailiac  +  Triceps  +  Thigh  (Equation  1). 

b)  Body  Density  =  D  =  1.0970  -  4.6971x10  -4x  (sum  7)  + 
5.6x10  -7x  (sum  7)  -  1.2828x10  -4x(age).  (Equation  2). 
Hydrostatic  weighing  was  performed  in  a  four  foot  deep 

by  six  foot  in  diameter  tank  using  a  chair  suspended  from  a 
Chat illon  15  kg  scale.  Subjects  forcefully  exhaled  as  much 
air  as  possible  and  the  three  heaviest  of  eight  readings  were 
averaged  to  obtain  the  underwater  weight.  Residual  volumes 
were  estimated  from  a  standardized  chart. ^  The  body  density 
was  calculated  by  the  following  formula: 

_ Wa _ 

D  =  (Wa  -  Ww)  _  Ry  (Equation  3) 

Tc 

D  =  Density 

Wa  =  Weight  in  air  in  kg 

Ww  =  Weight  totally  submerged  in  water  in  kg 
Tc  =  Correction  factor  for  temperature  of  water 
ry  =  Estimated  residual  volume  in  liters 
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Percent  body  fat  was  then  calculated  according  to  the 
formula  of  Siri:141 

%Fat  =  495/D  -450  (Equation  4) 

Lean  body  mass  was  calculated  from  body  weight  and  total 
body  fat  according  to  the  formula  below. 

WTlean  =  WT  -  (%Fb  x  Wt)  (Equation  5) 

WTlean  =  lean  body  mass  in  kg 
WT  =  body  weight  in  kg 

%Fb  =  percent  body  fat 

Exercise  Protocol 

Subjects  rested  for  15-20  minutes  in  a  reclining  chair 

before  resting  measurements  and  the  first  blood  sample  were 

obtained.  Subjects  then  exercised  on  a  treadmill  according 

103 

to  the  multistaged  Bruce  protocol.  On  this  protocol 

treadmill  speed  and  grade  increased  in  three  minute  stages. 
Stage  I  was  1.7  m.p.h.  at  a  10%  grade  with  progressive 
increases  to  Stage  VI  which  was  5.5  m.p.h.  at  a  20%  grade. 

Electrocardiograms  were  monitored  on  each  subject  be¬ 
fore,  during,  and  after  exercise  with  a  12-lead  Quinton 
Instrument  Model  633.  Pre-gelled  electrodes  were  placed  on 
dry  skin  previously  cleaned  with  alcohol  and  painted  with 
benzoin.  A  Beckman  Metabolic  Measurement  Cart  ( MMC)  was  used 
to  analyze  and  record  oxygen  consumption,  respiratory  quo¬ 
tient  and  other  cardiorespiratory  variables  every  30-60  sec 
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at  rest,  during  exercise  and  during  recovery.  The  MMC  was 
calibrated  before  and  after  each  study  and  only  changes  in 
calibration  of  less  than  one  percent  were  considered 
acceptable. 13 

All  subjects  were  encouraged  to  exercise  on  the 
treadmill  to  exhaustion.  Objective  criteria  for  maximal 
effort  included  more  than  a  three  fold  increase  in  blood 
lactate  concentrations,  a  plateau  in  heart  rate  or  oxygen 
consumption  and  a  respiratory  quotient  of  greater  than  1.0. 
The  data  on  subjects  who  failed  to  exert  themselves  to  a 
maximal  degree  as  defined  by  these  criteria,  were  excluded 
from  the  analysis. 

Blood  Sampling 

Blood  samples  were  drawn  from  the  antecubital  vein  at 
rest,  immediately  after  exercise  and  after  one  hour  of 
recovery,  using  a  two  syringe  technique.  Micro-hematocrits 
were  obtained  using  a  IEC  model  MC  centrifuge.  At  least 
three  measurements  were  taken  for  each  sample  and  recorded  to 
the  nearest  0.15%  on  a  Damon/IEC  microcapillary  reader.  The 
multiple  readings  were  averaged  and  recorded  to  the  nearest 
0.1%.  Hematocrits  were  not  corrected  for  plasma  trapping. 

Red  blood  cell  counts  were  determined  in  a  Coulter  counter. 
Hemoglobin  concentration  was  determined  to  the  nearest  0.1% 
in  a  Coulter  Hemog lob i nometer  by  the  cyanomethemoglobin 
method.  Red  blood  cell  indices  were  calculated  from  the 
blood  cell  counts,  hematocrits  (corrected  for  plasma  trap¬ 
ping)  and  hemoglobin  concentrations  using  the  calculations 
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listed  below:21'39 

(HCTxlO)  x  0.96 


MCV  = 

RBC 

( Equation 

6) 

100  X  Hb 

MCHC  = 

HCT  x  0.96 

( Equation 

7) 

MCV  =  mean  corpuscular  volume  in  femtoliters  =  10-15 
liters 

MCHC  =  mean  corpuscular  hemoglobin  concentration 
HCT  =  microhematocrit  in  percent 
Hb  =  hemoglobin  in  gm/dl 

Plasma  Protein  Concentrations 

Total  plasma  proteins  were  measured  with  a  hand-held 

American  Optical  AO  TS  Goldberg  Meter.  Fifty  microliters  of 

plasma  were  placed  on  the  cleaned  surface  of  the  refracto- 

meter  and  read  to  the  nearest  0.1  gm/dl.  The  accuracy  of 

3 

total  plasma  proteins  by  ref ractometry  is  +  0.1  gm%.  Total 
serum  protein,  albumin,  and  globulin  were  measured  using  a 
Centrifichem  System  500  and  standard  procedures. 

Fibrinogen  Concentrations 

Fibrinogen  concentration  was  assayed  by  a  clot  weight 
method.  Nine  ml  of  blood  was  anticoagulated  with  1.0  ml  0.06 
M  sodium  citrate  and  0.04  M  citric  acid,  pH  7.4.  Plasma  was 
separated  by  centrifugation  (12,500  g  for  20  min  at  4°C) , 
placed  in  a  separate  polystyrene  tube,  double  sealed  with 
parafilm,  frozen  and  stored  at  -70°C  until  analyzed.  Ten  NIH 
units  of  thrombin  in  1.0  ml  of  0.025%  calcium  chloride  was 
added  to  1.0  ml  of  plasma,  a  wooden  applicator  stick  was 
placed  in  the  solution  and  the  resultant  clot  was  incubated 
for  30  min  in  a  37°C  water  bath.  The  fibrin  clot  was  wound 
tightly  onto  the  wooden  stick,  separated  from  the  serum  and 


33 


placed  in  2.0  ml  of  deionized  water.  After  30  min  at  37°C 
the  fibrin  clot  was  removed  from  the  stick,  blotted  on  filter 
paper  and  placed  in  2  cc  of  acetone  for  10  min.  The  clot  was 
then  removed,  placed  in  a  glass  test  tube  in  a  drying  oven  at 
37°C  for  twenty  hours.  The  clot  was  weighed  with  a  Mettler 
H54  AR  scale  to  the  nearest  0.2  mg.  The  weight  of  the  fibrin 
clot  was  calculated  as  follows: 

c  _  Clot  (mg)  x  100 

w  1 . 0  ml  Plasma 

Fibrinogen  concentration  was  calculated  using  the  following 
formula : 


Fc  =  Cw 


1.11 

1  - 


HCT 

100 

HCT 

100 


Fc  =  fibrinogen  concentration  in  mg/dl 
Cw  =  measured  clot  weight 
HCT  =  measured  hematocrit 

The  formula  corrected  for  hemodilution  of  the  citrate  added 

during  anticoagulation. 

Lactate  and  Pyruvate  Concentrations 

Blood  lactates  and  pyruvates  were  determined  by  standard 

methods  (Sigma  Technical  Bulletins  826-UV  and  726-UV,  respec- 
14  0 

tively).  One  ml  of  whole  blood  was  placed  into  one  ml  of 

cold  eight  percent  perchloric  acid,  agitated  vigorously,  and 
then  placed  on  ice  for  analysis  within  four  hours.  Lactic 
acid  concentration  was  determined  as  the  amount  of  NAD 
generated  from  the  conversion  of  lactate  to  pyruvate.  NAD 
was  measured  by  changes  in  absorbance  at  340  nm .  Pyruvate 
was  determined  by  NADH  generated  from  conversion  of  pyruvate 
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to  lactate  by  LDH.  NADH  was  measured  by  changes  in 
absorbance  at  340  nm. 

Calculation  of  Plasma  Volume  Change  with  Exercise 

Percent  plasma  volume  change  with  exercise  was  calcula¬ 
ted  using  two  methods.  One  method  uses  only  changes  in 
158 

hematocrit  and  the  other  uses  changes  in  both  hematocrit 
and  hemoglobin  concentration. Microhematocrits  were 
multiplied  by  the  factor,  (0.96  x  0.91)  to  correct  for 

1  59 

trapped  plasma  and  to  convert  to  whole  body  hematocrits:  3 

%  APV1  =  100  x  HCTc-HCTe  x  100  (Equation  10) 

100-HCTc  HCTe 

%  APV2  =  100  [Hbc ( 100-HCTe ) ]  -  100  (Equation  11) 

Hbe( 100-HCTc) 

%  APV  =  change  in  plasma  volume  in  percent 
HCTc  =  control  measured  hematocrit  (0.96)  (0.91) 

HCTe  =  exercise  measured  hematocrit  (0.96)  (0.91) 

Hbc  =  control  hemoglobin  concentration  gm/dl 
Hbe  =  exercise  hemoglobin  concentration  gm/dl 

Calculations  of  Plasma  Protein  Concentration  Change  and 

Content  Change  with  Exercise 

The  percent  change  in  concentrations  of  plasma  proteins, 
hematocrit  and  hemoglobin  were  calculated  from  pre  test 
values  as  follows: 

%A  Cn  =  Cc-Ce  (Equation  12) 

Cc 

%A  Cn=  Percent  change  in  concentration 
Cc  =  Control  concentration 
Ce  =  Exercise  concentration 

The  concentration  of  a  plasma  solute  is  related  to  the 

change  in  plasma  volume.  The  percent  change  in  protein 
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content  was  calculated  by  two  methods.  '  One  method 
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uses  changes  in  hematocrit  and  the  other  uses  changes  in 

hematocrit  and  hemoglobin  concentration. 

%ACo  =  Ce ( HCTc ( 100-HCTe ) ) -Cc ( HCTe ( 100-HCTe ) )  (Equation  13) 

Cc ( HCTe ( 100-HCTc ) ) 

100 

%A  Co  =  Ce [Hbc< 100-HCTe) ] -Cc [Hbe( 100-HCTc) ]  (Equation  14) 

SCc [Hbe( 100-HCTc) ] 

100 

%A  Co  =  percent  change  in  protein  content 

Cc  =  Control  concentration 

Ce  **  Exercise  concentration 

HCTc  =  Control  hematocrit 

HCTe  =  Exercise  hematocrit 

Hbc  =  Control  hemoglobin 

Hbe  =  Exercise  hemoglobin 

Whole  Blood  Viscosity  Measurements 

Whole  blood  viscosity  was  determined  within  three  hours 
from  the  time  blood  was  drawn  and  anticoagulated  with  di¬ 
sodium  ethylened iam inetetraacetate  (EDTA)  using  a  Wells- 
Brookfield  viscometer.163  This  cone  and  plate  viscometer 
allows  direct  measurements  of  shear  stress  and  shear  rate. 
Measurements  were  taken  on  whole  blood  at  native  hematocrit 
and  hematocrit  standardized  to  45%  with  autologous  plasma. 
This  viscometer  is  essentially  a  precise  rotating  torque- 
meter.  The  resistance  of  the  blood  to  flow  is  sensed  as  it 
rotates  over  the  flat  surface  (plate).  This  torque,  which 
can  be  measured  at  a  variety  of  rotational  speeds,  causes  a 
deflection  of  a  needle  which  is  read  on  a  dial.  This  reading 
is  easily  converted  to  viscosity  in  centipoise  by  using  the 
appropriate  equations  listed  below. 

For  non-Newtonian  fluids  the  shear  stress  and  shear  rate 
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were  calculated  for  the  cone  and  plate  viscometer. 
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t  =  T  (Equation  15) 

~in  P~~ 

Y  =  2  N  (Equation  16) 

60 

SinQ 

2 

t  =  shear  stress  (dynes/cm  ) 

Y  =  shear  rate  (sec  A) 
r  =  spindle  radius  =  2.40  cm 

N  =  instrument  speed  in  RPM  (1.5,3,6,12,30,60) 

9  =  cone  angle  (0.8°) 

T  =  percent  full  scale  torque 

n  =  t  x  100  (Equation  17) 

Y 

n  =  viscosity  in  centipoise 

The  viscometer  was  calibrated  as  described  by  the  Brook- 
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field  Engineering  Laboratories  operating  instructions.  ' 

When  properly  calibrated  the  pins  on  the  cone  and  plate  are 
0.0005  inches  apart.  Each  day  the  calibration  was  checked  by 
viscosity  standards  of  4.9  centipoise  at  37°C. 

Five  hundred  microliters  (0.500  ml)  of  anticoagulated 
blood  were  placed  into  the  rhodium  cup  (plate)  which  was 
encased  with  a  constant  temperature  circulating  water  bath  at 
37°C.  The  cup  was  gently  attached  to  the  ring  joining  the 
viscometer.  This  brought  a  shallow  0.8°  cone  in  the  visco¬ 
meter  in  close  proximity  to  the  plate.  The  viscometer  was 
run  at  1.5  RPM  for  30-60  sec  before  the  first  reading  from 
the  dial  was  taken.  Successive  readings  were  taken  at  10-15 
sec  intervals  at  rotational  speeds  of  3,6,12,30  and  60  RPM 1 s . 
The  dial  readings  are  reproducible  to  within  one  division  on 
the  dial  at  each  rotational  speed.  Therefore,  the  greatest 
is  obtained  at  the  highest  rotational  speed  where 


precision 
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the  dial  reading  is  near  full  scale.  The  viscometer  is  accu¬ 
rate  to  +  1.0%  at  full  scale  readings  and  reproducible  to  + 
0.2%.  A  second  0.500  ml  sample  was  measured  in  the  same  way. 
If  the  readings  were  not  within  two  divisions  of  each  other 
expressed  as  a  number  on  the  dial  a  third  sample  was  run. 

The  readings  were  averaged  and  the  absolute  viscosity  in 
centipoise  was  calculated.  Between  readings,  the  cone  and 
plate  were  meticulously  cleaned  with  deionized  water  and 
carefully  dried.  Both  surfaces  were  visually  examined  to 
ensure  that  they  were  shiny,  clean,  dry  and  free  from 
residual  blood  or  plasma  before  the  next  sample  was  run. 

Whole  blood  viscosity  was  measured  on  whole  blood 
standardized  to  45%  hematocrit  +  0.2%.  Two  2  ml  samples  of 
whole  blood  were  placed  in  two  separate  tubes.  The  amount  of 
plasma  to  the  nearest  0.001  cc  needed  to  add  or  withdraw  from 
the  sample  was  determined.  If  the  hematocrit  of  the  cor¬ 
rected  samples  did  not  fall  between  44.8  and  45.2%  they  were 
again  adjusted  with  autologous  plasma  and  rechecked.  Samples 
standardized  to  an  hematocrit  of  45  +  0.2%  were  analyzed  in  a 
similar  manner  as  described  above  for  whole  blood. 

Plasma  Viscosity  Measurements: 

Plasma  was  obtained  by  centrifugation  of  the  anticoagu¬ 
lated  blood  at  5000  RMP  for  5  minutes.  A  0.500  ml  sample  was 
placed  in  the  cup.  Three  measurements  were  obtained  at  450 

sec_l  that  agreed  within  0.5  dial  units.  The  measurements 

22 

were  averaged  and  viscosity  in  centipoise  was  calculated. 
Erythrocyte  Sedimentation  Rate; 
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Within  15  minutes  of  venipuncture  whole  blood,  antico¬ 
agulated  with  EDTA,  was  placed  into  Wintrobe  tubes.  The 
tubes  were  filled  to  the  100  mm  mark,  and  placed  upright  on  a 
stable  surface  to  minimize  the  effects  of  vibration.56  At 
one  hour,  readings  were  taken  to  the  nearest  0.5  mm  at  the 
plasma/red  cell  interface  and  recorded  as  erythrocyte  sedi¬ 
mentation  rates  uncorrected  for  hematocrit  (ESR).  Since  both 
the  hematocrit  and  plasma  viscosity  can  affect  the  sedimenta¬ 
tion  rates,  a  chart  and  methods  described  by  Dintenfass  were 
used  to  standardize  the  readings  to  45%  hematocrit  and  a 

viscosity  of  1.3  cent ipoise . 56 

ESRc  =  ( ESR45  x  PV)  (Equation  19) 

1.3 

ESRc  =  Erythrocyte  sedimentation  rate  in  mm  corrected 
to  45%  and  1.3  Centipoise 

ESR45  =  Erythrocyte  sedimentation  rate  in  mm  corrected 
to  45%  hematocrit 

PV  =  Plasma  viscosity  in  centipoise 
Zeta  Sedimentation  Ratio 

Zeta  sedimentation  ratio  (ZSR)  is  another  measurement  of 
aggregability  which  recently  has  been  used  in  place  of  the 

Esr. 24,26  The  results  need  not  be  corrected  for  hematocrit. 

2  6 

The  ZSR  is  measured  with  a  zetafuge.  The  zetafuge  applies 
a  precisely  controlled  centrifugal  force  across  the  red 
cells,24  which  accelerates  sedimentation  and  enhances 
reproducibility.  Tubes  (2.0  mm  in  diameter)  are  filled  with 
EDTA  anticoagulated  blood  by  capillary  action.  The  samples 
are  then  placed  in  the  Zetafuge  and  spun  for  45  seconds  in  a 


clockwise  direction  after  which  the  sample  is  rotated  180 
degrees  and  spun  in  the  opposite  direction.  This  cycle  is 
then  repeated  for  3  1/2  minutes.  This  centrifugal  force 
enhances  macromolecular  bridging  of  the  cells  and  rapidly 
produces  aggregates  of  erythrocytes  which  sediment  at  an 
accelerated  rate.  The  Zetacrit  represents  the  ratio  of  red 
cells  to  plasma  volume.  This  value  is  then  divided  by  the 
hematocrit  of  the  sample  to  obtain  the  Zeta  Sedimentation 
Ratio. 

Statistics 

Simple  univariate  statistics  were  used  in  the  analysis 
of  these  data.  Statistically  significant  changes  across  time 
(control,  exercise  and  recovery  samples)  were  determined 
using  the  paired  Student's  t— test.  Two  tailed  unpaired 
Student's  t-tests  were  used  to  compare  the  differences  among 
the  subject  groups.  The  differences  were  considered  signi¬ 
ficant  if  the  P-value  was  less  than  0.05.  The  values  in  the 
tables  are  generally  given  in  means  +  standard  deviations. 

The  values  in  the  graphs  are  generally  displayed  as  means  + 
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standard  error  of  the  mean. 

Correlation  coefficients  obtained  by  linear  regression 
were  used  to  determine  the  degree  correlation  between  two 
variables.  Correlations  were  used  where  the  underlying 
hypotheses  suggested  meaningful  relationships  might  exist. 

For  the  entire  study  group  correlations  of  r=0.288  are 
significant  at  the  P  0.05  level  and  r=0.372  are  significant 
at  the  P  0.01  level.  In  certain  instances  multiple 


regression  was  used  to  rate  the  variables  in  order  of 


importance  in  influencing  the  independent  variable 
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Results 


General  Anthropometric  Data 

General  anthropometric  data  are  given  in  Table  1.  Ages, 
heights,  weights,  and  lean  body  mass  were  similar  in  the 
three  groups.  Percent  body  fat  was  distinctly  different 
among  the  three  groups,  whether  determined  by  skin  fold 
calipers  or  underwater  weighing.  The  sedentary  subjects  had 
the  highest  percent  body  fat,  the  joggers  were  intermediate 
and  the  marathoners  had  the  lowest  percent.  The  two  methods 
of  body  fat  determination  were  positively  correlated 
( r=0 . 750 )  p<0.01. 

Exercise  Performance : 

Cardiopulmonary  performance  data  are  shown  in  Table  2. 
Maximal  oxygen  uptakes  (VC>2  max)  were  distinctly  different 
among  the  three  conditioning  groups.  The  VC>2  max  for  seden¬ 
tary  subjects  places  them  in  the  "average”  fitness  category 
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according  to  Nagle.  The  joggers  and  marathoners  were  in 

the  "good"  and  "excellent"  fitness  categories,  respectively. 
Times  on  the  treadmill  were  significantly  different  among  the 
groups  and  strongly  correlated  with  the  measured  VC>2  max  (r  = 
0.950)  as  shown  in  Figure  1.  Resting  and  20  min  recovery 
heart  rates  were  inversely  correlated  with  aerobic  capacity 
(VO 2  max),  while  maximal  heart  rates  were  not. 

Lactate  and  Pyruvate; 

Resting  lactate,  pyruvate  and  lactate/ pyruvate  ratios 
were  similar  among  the  groups  (Table  3).  Immediately  after 
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exercise  there  was,  on  the  average,  an  eight-fold  increase  in 
blood  lactate  concentration,  a  two— fold  increase  in  pyruvate 
levels  and  a  three-fold  increase  in  the  lactate  to  pyruvate 
ratios  for  the  three  groups.  The  joggers  had  a  higher  post 
exercise  lactate  concentration  than  the  sedentary  or  mara¬ 
thoner  groups.  Exercise  lactate,  pyruvate  and  lactate/pyru¬ 
vate  ratios  did  not  correlate  with  V02  max  or  time  on  the 
treadmill . 

Hemoconcentration  with  Exercise 

Equations  10  and  11  were  used  to  calculate  percent 
plasma  volume  loss  with  exercise  (Table  4).  Using  equation 
10  an  11.0%  loss  was  calculated  for  the  entire  study  group. 
Equation  11  resulted  in  a  12.7%  plasma  volume  loss  (Figure 
2).  There  were  no  significant  differences  among  the  plasma 
volume  losses  in  the  three  groups.  The  reciprocal  rise  in 
total  plasma  protein  concentration  was  of  similar  magnitude 
among  the  groups  and  averaged  10.2%  (figure  3).  The 
fibrinogen  concentration  increased  an  average  of  only  3.7% 
(Figure  4).  From  these  data  the  percent  changes  in  total 
intravascular  plasma  protein  content  and  total  intravascular 
fibrinogen  content  were  calculated  from  equations  13  and  14. 
From  equation  13,  the  percent  change  in  plasma  protein 
content  with  exercise  was  calculated,  and  averaged  -3.9%  for 
all  subjects  (Figure  5)  (Table  5).  From  equation  14  the 
percent  change  in  protein  content  averaged  -1.9%  for  all 
subjects  (Table  5). 

The  percent  change  in  fibrinogen  content  decreased  by  an 
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average  of  9.4%  for  all  subjects  using  equation  13;  and  7.5% 
for  all  subjects  using  equation  14  (Table  5)  (Figure  5). 
Therefore,  approximately  7.5  to  9.4%  of  the  intravascular 
fibrinogen  was  lost  from  the  intravascular  spaces  after 
exercise. 

After  removing  40-45  ml  of  whole  blood  to  obtain  the 
control  sample,  the  average  total  loss  of  plasma  proteins  was 
calcuated  to  be  1.0-1. 3%.  Therefore,  approximately  0.5-2. 7% 
of  total  plasma  proteins  were  calculated  to  be  lost  from  the 
intravascular  spaces  due  to  the  maximal  exercise  stress. 
Determinants  of  Blood  Viscosity  with  Exercise  and 

Conditioning  Hematocrit 

Control,  exercise  and  recovery  hematocrits  were  similar 
among  the  groups  (Table  6).  With  exercise,  hematocrits  in¬ 
creased  7.2%  in  sedentary  subjects,  9.9%  in  joggers,  and  9.4% 
in  marathoners  (Table  7  and  Figure  6).  The  percent  increase 
among  the  groups  were  not  statistically  different.  Parallel 
changes  in  hemoglobin  (6.8%  increase),  and  red  blood  cell 
counts  (6.8%)  were  seen  with  exercise.  One  hour  after  exer¬ 
cise  hematocrits  decreased  by  4.1%,  4.9%,  and  5.1%  in  seden¬ 
tary,  jogger  and  marathoner  subjects  respectively  (Table  8). 
The  total  mean  decrease  of  -4.6%  in  hematocrit  is  consistent 
with  the  calculated  red  blood  cell  loss  from  phlebotomy . 
Losses  of  a  similar  magnitude  were  seen  in  hemoglobin 
concentration  and  red  blood  cell  counts. 
plasma  Viscosity 


The  plasma  protein  concentrations  and  plasma  viscosity 
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before  and  after  exercise  are  shown  in  Table  9  and  Figures  3 
and  7  respectively.  At  rest,  plasma  viscosity,  total  plasma 
proteins,  total  serum  proteins,  globulins,  and  albumins  were 
similar  among  the  groups.  However,  the  fibrinogen  concentra¬ 
tion  was  greater  (p  <  0.05)  in  the  marathoners  than  in  the 
other  two  groups  (Table  9)  (Figure  4).  Among  all  subjects 
the  plasma  viscosity  before  exercise  correlated  most  closely 
with  total  plasma  protein  (r  =  0.804)  (Figure  8).  Weaker 
correlations  were  observed  with  total  serum  protein 
(r=0.684),  fibrinogen  concentration  (r=0.576)  (Figure  9), 
globulin  concentration  (r=0.459)  and  albumin  concentration 
(r=0.525).  Multiple  linear  regression  analysis,  in  which 
plasma  viscosity  was  the  dependent  variable  and  fibrinogen, 
globulin  and  albumin  were  independent  variables,  demonstrated 
that  fibrinogen  exerted  the  greatest  effect  on  plasma  viscos¬ 
ity.  Globulin  and  albumin  also  had  a  statistically  signifi¬ 
cant  yet  much  smaller  influence  on  the  plasma  viscosity. 
Plasma  viscosity  =  0.585  +  0.816[F]  +  0.076[G]  +  0.060[A] 

[F]  =  fibrinogen  concentration 

[G]  =  globulin  concentration 

[A]  =  albumin  concentration 

The  three  conditoning  groups  demonstrated  similar 
percentage  increases  in  plasma  viscosity,  total  plasma 
proteins,  and  fibrinogen  after  exercise  (Table  7)  (Figures 
5-7),  as  well  as  similar  decreases  in  these  variables  during 
recovery  (Table  8).  The  elevation  in  plasma  viscosity  and 
total  proteins  with  exercise  was  statistically  significant  p 


45 


<  0.01  (Table  9)  for  all  three  groups.  The  fibrinogen 
concentration  after  maximal  exercise  was  not  significantly 
increased  for  any  group.  However ,  when  the  three  groups  are 
pooled,  an  increase  (p<0.05)  in  fibrinogen  concentration  with 
exercise  becomes  evident  (Table  9).  Recovery  samples  demon¬ 
strated  significantly  decreased  plasma  viscosity,  total 
plasma  proteins,  and  fibriogen  concentrations  from  resting 
values  (Table  8).  A  significant  decrease  (3.7%)  in  plasma 
viscosity  for  the  study  group  was  observed  at  recovery. 

There  was  a  similar  percent  decrease  in  total  proteins  (5.2%) 
and  fibrinogen  concentration  (4.6%)  observed  at  recovery.  A 
moderately  strong  correlation  between  plasma  viscosity  and 
total  protein  concentration  remained  upon  exercise  (r=0.752) 
and  recovery  (r=0.782),  as  well  as  a  moderately  positive 
correlation  with  fibrinogen  concentration  upon  exercise 
(r=0.553)  and  recovery  (r=0.526)  (Figures  8,9). 

Whole  Blood  Viscosity  at  Native  Hematocrit 

The  whole  blood  viscosities  at  native  hematocrit  (WBVn) 
measured  at  six  different  shear  rates  before,  immediately 
after,  and  one  hour  after  exercise  are  shown  in  Table  10. 
Significant  increases  in  WBVn  were  seen  after  maximal  exer¬ 
cise  at  all  shear  rates  in  all  subject  groups  (Figure  10). 

One  hour  after  exercise  WBVn  fell  below  the  control  values. 
Whole  blood  viscosity  decreased  with  increasing  shear  rates 
for  all  subject  groups.  With  exercise  WBVn  rose  16  and  19% 
at  shear  rates  of  11.25  sec-1  and  22.5  sec-1,  respectively, 
while  rising  11.8  and  12.6%  at  225  sec-1  and  450  sec-1, 
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respectively.  At  450  sec-1  WBVn  significantly  rose  an 
average  of  12.6%  in  the  study  group  (Table  7).  The  percent 
increase  in  WBVn  with  exercise  was  not  statistically 
different  among  the  different  subject  groups  (Figure  12). 

The  increase  in  WBVn  with  exercise  did  not  correlate  with  V02 

max,  time  on  the  treadmill  or  post  exercise  lactate  concen¬ 
trations  (Figure  12).  Hematocrit  strongly  correlated  with 
WBVn  at  all  but  the  lowest  shear  rate  (r=0.294  at  11.25 
sec-1,  r=  0 . 8 1 9  at  22.5  sec-1,  r=0.853  at  45  sec-1,  r=0.860  at 
90  sec-1,  r=0.785  at  225  sec-1,  r=.835  at  450  sec-1)  (Figure 
13).  In  multiple  linear  regression  analysis  in  which  WBVn  is 

the  dependant  variable,  most  of  the  variability  in  WBVn 
2 

(r  =0.88)  was  due  to  the  hematocrit  and  total  plasma  protein 
concentration . 

Whole  Blood  Viscosity  Corrected  to  45%  with  Autologous  Plasma 

When  hematocrit  was  standardized  to  45%  with  autologous 
plasma  (WBV45)  control,  exercise  and  recovery  blood  viscosi¬ 
ties  were  similar  among  the  groups  (Table  11).  For  all  sub¬ 
jects  pooled  a  significant  increase  in  WBV45  with  exercise 
was  recorded  at  all  shear  rates  (Figure  14).  A  positive 
correlation  existed  between  the  increase  in  WBV45  and  the 
increase  in  total  plasma  protein  concentration  with  exercise 
(r=0.781).  The  increase  in  exercise  WBV45  varied  from  2.8  to 
3.9%  among  the  groups  (Figure  15).  One  hour  after  exercise 
WBV45  was  significantly  lower  (2.1  to  4.6%)  than  control 
samples.  Decreases  in  WBV45  with  parallel  decreases  in  plasma 
viscosity  and  total  plasma  proteins  were  observed  with 
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recovery  samples. 

Red  Cell  Aggregation 

For  all  subjects  resting  ESR  and  ZSR  were  only  moder¬ 
ately  positively  correlated  (r=0.679).  A  much  stronger 
correlation  was  apparent  after  the  ESR  was  corrected  for 
hematocrit  (r=0.856).  That  correlation  was  similar  to  that 
for  the  ESR  corrected  for  hematocrit  and  plasma  viscosity 
(ESRc)  (r=0.859)  (Fig  16).  The  control  ESRc  values  for  all 
subjects  demonstrated  the  strongest  correlation  with  fibrino¬ 
gen  concentration  (r=0.790)  (Figure  17).  The  control  samples 
also  revealed  the  ZSR  to  have  a  positive  ocrrelation  with  the 
fibrinogen  concentration  (r=0.697)  (Figure  18).  Multiple 
linear  regression  analysis  with  ESRc  or  ZSR  the  dependant 
variable  and  fibrinogen,  globulin  and  albumin  concentrations, 
the  dependent  variables,  demonstrated  that  fibrinogen  was  the 
major  determinant  of  sedimentation  rates.  Globulins  had  a 
significant  but  minor  effect  and  albumin  had  no  significant 
effect . 

ZSR  =  -23.8  +  89 . 9 [F]  +  3.6  [G] 

ESRc  =  -22.9  +  80 . 4 [F]  +  3.4  [G] 

By  ESRc  and  ZSR,  no  significant  differences  in 
agg regab il i ty  could  be  demonstrated  among  the  groups  before, 
immediately  after,  or  one  hour  after  exercise  (Table  12).  A 
similar  and  consistent  percent  change  in  ESRc  and  ZSR  was 
observed  in  the  three  groups  after  exercise  (Figures  19,20). 
When  the  data  were  pooled  for  all  subjects,  ZSR  and  ESRc  were 
significantly  greater  with  exercise  and  lower  during 
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recovery . 

Red  Cell  Def ormabil ity 

The  blood  viscosity  measured  in  whole  blood  corrected  to 
45%  with  autologous  plasma  (WBV45)  and  evaluated  at  a  shear 
rate  of  450  sec  ^  was  similar  among  the  three  conditioning 
groups.  The  suspending  medium  (plasma)  was  also  of  similar 
viscosity  among  the  groups.  These  data  are  summarized  in 
Table  13.  In  addition,  all  red  blood  cell  indices,  hemo¬ 
globin,  red  cell  count,  mean  corpuscular  volume  (MCV)  and 
mean  corpuscular  hemoglobin  concentration  (MCHC)  were  similar 
among  the  groups  at  rest  (Table  14). 

The  exercise  samples  demonstrated  increases  in  hemo¬ 
globin  concentrations,  red  blood  counts,  and  MCV  and  a 
decrease  in  the  MCHC.  The  increase  in  MCV  correlated  with 
the  decrease  in  MCHC.  The  exercise  samples  WBV45  at  450 
sec"'*’  and  plasma  viscosities  were  similar  among  the  groups. 
Recovery  samples  demonstrated  similar  decreases  in  WBV45  at 
450  sec-1  and  plasma  viscosity.  The  MCV  and  MCHC  returned 
to  control  values.  The  decreases  in  hemoglobin  and  red  cell 
count  with  recovery  were  consistent  with  the  loss  of  red  cell 
mass  from  the  blood  drawing  protocol. 
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TABLE  1 


Anthropometric  Data 


Sedentary 

Joggers 

Marathoners 

Significant 

n 

15 

14 

18 

differences 

Age,  yr 

33.3 

33.4 

32.1 

+  6.0 

+  5.5 

+  7.3 

Height,  cm 

165.0 

164.0 

166.5 

+  11.0 

+  6.2 

+  4.3 

Weight , kg 

58.3 

55.8 

55.1 

+  10.4 

+  4.1 

+  4.9 

Body  fat,  % 

22.7 

17.9 

15.4 

J<S  *,  M< J  * 

( skinfold ) 

+  4.3 

+  3.1 

+  3.3 

M<S  ** 

Body  fat,  % 

24.8 

21.4 

16.4 

J<S  *,  M< J  * 

{ hydrostatic ) 

+  5.6 

+  4.0 

+  4.7 

M<S  ** 

Lean  wt,  kg 

44.8 

45.8 

46.5 

( skinfold ) 

+  6.8 

+  3.0 

+  3.5 

Lean  wt,  kg 

43.7 

43.9 

46.0 

( hydrostatic) 

+  7.7 

+  4.4 

+  4.2 

*  p  <  0.05;  ** 

p  <  0.01 

TABLE  1.  Anthropometric  data  on  test  subjects.  Values  are  means  + 
standard  deviation.  Asterisks  denote  significance  of 
difference  among  the  groups. 
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TABLE  2 


Performance  Data 


Sedentary 

Joggers 

Marathoners 

Signif icant 

n 

15 

14 

18 

differences 

VO 2  max,  , 

34.1 

44.8 

51.0 

J>S 

*,  M> J  * 

ml*  kg  •  min 

+  5.5 

+  4.4 

+  5.5 

M>S 

*  * 

max. 

1983 

2494 

2810 

J>S 

*,  M> J  * 

ml/min 

+  420 

+  283 

+  321 

M>S 

*  * 

Treadmill 

9.7 

12.3 

13.9 

J>S 

*,  M> J  * 

time,  min 

+  1.1 

+  0.9 

+  1.1 

M>S 

*  * 

Heart  rate, 

beats/min 

Rest 

75 

65 

58 

J<S 

* ,  M< J  * 

+  16 

+  10 

+  7 

M<S 

*  * 

Maximal 

185 

183 

181 

+  9 

+  8 

+  11 

Recovery 

105 

97 

78 

J<S 

*,  M< J  * 

( 20  min) 

+  1  3 

+  7 

+  9 

M<S 

* 

*  p  <  0.05;  ** 

p  <  0.01 

TABLE  2.  Summary  of  performance  data.  Asterisks .denote  signifi¬ 
cance  of  difference  among  the  groups.  VO„  max  is  the 
maximal  aerobic  capacity.  Values  are  means  +  the 
standard  deviation. 
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TABLE  3 


Lactate  and  Pyruvate 


Sedentary 

Joggers 

Marathoners 

All 

( n=15) 

( n=14 ) 

( n=18 ) 

( n=47 ) 

Lactate 

(mg% ) : 

Control 

7.39 

6.91 

7.47 

7.28 

+  1.77 

+  1.32 

+2.12) 

+  1.78 

Exercise 

46.86* 

68.31*+ 

58.49* 

57.71* 

+17.13 

+15.88 

+15.37 

+17.90 

Recovery 

20.01* 

21.61* 

16.95* 

19.31* 

+  7.59 

+  7.59 

+10.11 

+  8.69 

Pyruvate 

mg% 

Control 

0.59 

0.55 

0.58 

0.58 

+  0.09 

+  0.08 

+  0.12 

+  0.10 

Exercise 

1.27* 

1.71* 

1.67* 

1.56* 

+  0.30 

+  0.57 

+  0.48 

+  0.49 

Recovery 

1.07* 

1.21* 

1.02* 

1.09* 

+  0.23 

+  0.32 

+  0.30 

+  0.29 

L/P  Ratio 

Control 

12.6 

12.9 

12.8 

12.7 

+  2.6 

+  2.8 

+  2.6 

+  2.6 

Exercise 

36.5* 

42.3* 

36.5* 

38.2* 

+  8.1 

+  12.4 

+  11.6 

+  11.0 

Recovery 

18.2* 

18.6** 

16.0** 

17.5* 

+  4.7 

+  7.2 

+  4.5 

+  5.5 

*  p  < 

0.001  from  control 

**  p  < 

0.05  from  control 

t  p  < 

0.05  joggers 

greater  than 

sedentaries 

and  marathoners 

Lactate  and  pyruvate  concentrations  and  lactate/pyruvate 
ratios.  Asterisks  denotes  significance  of  differences  of 
exercise  and  recovery  samples  from  control  values.  The 
cross  denotes  significance  of  difference  among  groups. 

The  values  are  means  +  the  standard  deviation. 


Table  3 
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TABLE  4 

Hemoconcentration  with  Exercise;  Percent  Change  in  Plasma  Volume 
and  Plasma  Constituents  with  Exercise 


%  Change 

Sedentary 

Joggers 

Marathoners 

All 

(  n=  1 5 ) 

(  n=  1 4 ) 

( n=18 ) 

( n=47 ) 

PLASMA  VOLUME  -10.5 

-13.9 

-13.4 

-12.7 

BY  EQUATION 

10  +5.3 

+  6.4 

+  5.5 

+  5.8 

BY  EQUATION 

11  -9.4 

-12.1 

-11.4 

-11.0 

+  5.2 

+  4.1 

+  6.2 

+  5.4 

HCT 

7.2 

9.9 

9.4 

8.9 

+  3.9 

+  5.2 

+  4.2 

+  4.5 

Hb 

5.9 

7.4 

7.0 

6.8 

+  4 . 4 

+  3.2 

+  6.1 

+  4.8 

TP 

7.9 

11.5 

11.0 

10.2 

+  4.6 

+  5.5 

+  7.2 

+  6.0 

FIB 

2.9 

2.9 

4.9 

3.7 

+  7.6 

+  9.2 

+  9.! 

+  8.5 

Table  4.  Hemoconcentration  with  exercise.  Where  PV1  (HCT)  = 
percent  change  in  plasma  volume  by  equation  10;  PV2  ( HCT , HB )  = 
percent  change  in  plasma  volume  by  equation  11;  HCT  =  %  change  in 
hematocrit;  Hb  =  %  change  in  hemoglobin  concentration  in  gm/dl;  TP 
=  %  change  in  total  protein  concentration  in  gm/dl;  FIB  =  %  change 
in  fibrinogen  concentration  in  mg/dl.  There  were  no  differences 
among  the  groups  in  the  percent  change  with  exercise.  The  values 
are  means  +  the  standard  deviation. 
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TABLE  5 


Percent  Change  in  Content  of  Plasma  Protein  and 
Fibrinogen  with  Maximal  Exercise 


%  Change 

Sedentary 

Joggers 

Marathoners 

All 

(  n=  1 5 ) 

(  n=  1 4 ) 

(  n=  1 8  ) 

(  n=  4  7  ) 

PLASMA  PROTEIN 

CONTENT 

BY  EQUATION 

13 

-3.3 

-4.0 

-3.9 

-3.7 

+  3.4 

+  3.5 

+  3.4 

+  3.4 

BY  EQUATION 

14 

-2.2 

-1.8 

-1.7 

-1.9 

+  2.0 

+  3.3 

+  4.0 

+  3.2 

FIBRINOGEN 

CONTENT 

BY  EQUATION 

13 

-7.8 

-11.5 

-9.1 

-9.4 

+  6.3 

+  6.5 

+  6.9 

+  6.6 

BY  EQUATION 

14 

-6.7 

-9.3 

-6.8 

-7.5 

+  6.6 

+  8.1 

+  9.4 

+  8.1 

Table  5. 

Percent  change 

in  content  of 

plasma 

protein 

and  fibrino- 

gen 

with  exercise.  Where  = 

percent 

change 

in  total 

protein  content 

by  equation 

13,  and 

percent 

change  in 

total  protein  content  by  equation  14  are  recorded. 

Percent  change  in  fibrinogen  content  by  equation  13  and 
by  equation  14.  There  were  no  significant  differences 
among  the  groups  in  percent  content  change  with 
exercise.  The  values  are  means  +  the  standard  deviation. 
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TABLE  6 
Hematocrit 


Sedentary 

Joggers 

Marathoners 

All 

(  n=  1 5 ) 

( n=14 ) 

( n=18 ) 

( n=47 ) 

Control 

41.5 

40.8 

40.8 

41.0 

+  2.8 

+  2.9 

+  2.2 

+  2.6 

Exercise 

44.5* 

44.8* 

44.6* 

44.6* 

+  2.6 

+  2.4 

+  2.6 

+  2.5 

— 

Recovery 

39.8* 

38.8* 

38.7* 

39.1* 

+  2.8 

+  3.0 

+  2.5 

+  2.7 

*p  <  0.01 

from  control 

Table  6.  Hematocrit  change  with  exercise.  Asterisks  denote 

significant  differences  from  control  values.  Values  are 
means  +  the  standard  deviation. 
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TABLE  7 


Percent  Change  in  Blood 
Viscosity  Factors  After  Exercise 


Sedentary 

Joggers 

Marathoners 

All 

(  n=  1 5 ) 

(  n=  1 4  ) 

( n=18 ) 

(  n=  4  7 ) 

WBV 

10.2 

14.3 

13.4 

12.6 

+  6.9 

+  7 . 3 

+  8.7 

+7.7 

WBV45 

3.7 

5.0 

3.2 

3.9 

+  2.6 

+  3.1 

+  2.5 

+  2.8 

HCT 

7.2 

9.9 

9.4 

8.9 

+  3.9 

+  5.2 

+  4.2 

+  4.5 

PV 

5.5 

6.5 

6.7 

6.3 

+  3.8 

+  4.4 

+  4.8 

+  4.3 

FIB 

2.9 

2.9 

4.9 

3.7 

+  7.6 

+  9.2 

+  9.  i 

+  8.5 

TP 

7.9 

11.5 

11.0 

10.2 

+  4.6 

+  5.5 

+  7.2 

+  6.0 

ESRc 

21.2 

17.0 

10.9 

16.1 

+  38.0 

+  25.5 

+  24.6 

+  29.4 

ZSR 

4.1 

6.0 

4.9 

5.0 

+  4.1 

+  5.3 

+  5.4 

+  4.9 

Table  7. 

Percent  change 

from  resting  values  in 

blood  vi; 

factors  after 

exercise . 

WBV  =  change 

in  whole 

viscosity  as  measured  at 

450  sec  at 

37  C  in  . 

(cP) .  WBV45  = 

change  in 

whole  blood  viscosity 

to  45%  hematocrit  with  autologous  plasma  as  measured  at 
450  sec-  at  37°C.  HCT  =  change  in  hematocrit  (uncor¬ 
rected  for  plasma  trapping).  _PV  =  %  ghange  in  plasma 
viscosity  measured  at  450  sec-  at  37  C  in  centipoise 
(cP).  FIB  =  %  change  in  fibrinogen  concentration.  TP  = 
%  change  in  total  plasma  protein  concentration.  ESRc  = 

%  change  in  erythrocyte  sedimentation  rate  (corrected 
for  hematocrit  and  plasma  viscosity)  and  ZSR  =  %  change 
in  Zeta  sedimentation  ratio.  There  were  no  significant 
differences  in  the  percentage  increases  with  exercise 
among  the  three  study  groups.  Values  are  means  +  the 
standard  deviation. 


TABLE  8 


Percent  Change  from  Resting  Values  in  Blood  Viscosity 

Factors  after  Recovery 


Sedentary 

Joggers 

Marathoners 

All 

WBV 

-6.2 

-6.0 

-6.7 

-6.0 

+  6.8 

+^5 . 6 

+  4.9 

+  5.6 

WBV4  5 

-2.3 

-1.6 

-2.4 

-2.1 

+  2.6 

+  3.0 

+  2.8 

+  2.8 

HCT 

-4.1 

-4.9 

-5.1 

-4.6 

+  3.7 

+  3.1 

+  4.  i 

+  3.6 

PV 

-4.4 

-3.0 

-4.4 

-3.7 

+  3.9 

+  3.3 

+  3.9 

+  3.7 

FIB 

-4.4 

-4.6 

-5.0 

-4.6 

+  6.4 

+  5.2 

+  12.2 

+  8.7 

TP 

-5.1 

-5.2 

-5.3 

-5.2 

+  4.5 

+  5.2 

+  5.0 

+  4.8 

ESRc 

-24.2 

-26.1 

-27.9 

-26.9 

+  63.9 

+  42.8 

+  35.9 

+  47.8 

ZSR 

-2.6 

-4.4 

-5.0 

-4.1 

+  3.7 

+  2.0 

+  4.0 

+  3.6 

Table  8. 

Percent  change 

from  resting 

values  in  blood 

viscosity 

factors  after  recovery.  WBV  =  Change  in  whole  blood  viscosity  as 
measured  at  450  sec”  at  37°C  in  centipoise  (cP).  WBV45  =  Change 
in  whole  blood  viscosity  corrected  to145%  hematocrit  with  auto¬ 
logous  plasma  as  measured  at  450  sec  at  37  C  in  centipoise  (cP). 
HCT  =  Change  in  hematocrit  (uncorrected  for  plasma  tragping).  pv 
Change  in  plasma  viscosity  measured  at  450  sec"  at  37°C  in  centi¬ 
poise  (cP).  FIB  =  Change  in  fibrinogen  concentration.  TP  =  Chang 
in  total  plasma  protein  concentration.  ESRc  =  Change  in  erythro¬ 
cyte  sedimentation  rate  (corrected  for  hematocrit  and  plasma  vis¬ 
cosity)  mm/hr.  ZSR  =  Change  in  Zeta  sedimentation  ratio.  There 
were  no  significant  differences  in  the  percent  decrease  among  the 
three  study  groups  (recovery  versus  control).  Values  are  means  +_ 
the  standard  deviation. 
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TABLE  9 


Determinants  of  Plasma  Viscosity 


Sedentary 

Joggers 

Marathoners 

All 

( n=15 ) 

( n=14 ) 

( n=18 ) 

( n=47 ) 

CONTROL 

PV,  cP 

1.35 

1.32 

1.35 

1.34 

+  0.06 

+  0.06 

+  0.10 

+  0.08 

TP,  gm/dl 

7.9 

7.7 

7.6 

7.8 

+  0.5 

+  0.5 

+  0.8 

+  0.6 

FIB,  mg/dl 

272 

260 

302t 

280 

+  29 

+  36 

+  50 

+  43 

GLOB,  gm/dl 

2.5 

2.3 

2.4 

2.4 

+  0.3 

+  0.3 

+  0.4 

+  0.4 

ALB,  gm/dl 

5.0 

5.1 

4.9 

5.0 

+  0.5 

+  0.4 

+  0.4 

+  0.4 

EXERCISE 

PV,  CP 

1.42** 

1.40** 

1.44** 

1.42** 

+  0.06 

+  0.07 

+  0.10 

+  0.08 

TP,  gm/dl 

8.5** 

8.6** 

8.4** 

8.5** 

+  0.4 

+  0.6 

+  0.6 

+  0.5 

FIB,  mg/dl 

280 

267 

315t 

289* 

+  29 

+  37 

+  43 

+  42 

RECOVERY 

PV,  cP 

1.29** 

1.28** 

1.29** 

1.29** 

+  0.07 

+  0.07 

+  0.08 

+  0.07 

TP,  gm/dl 

7.5* 

7.3** 

7.2* 

7.3** 

+  0.58 

+  0.6 

+  0.68 

+  0.6 

FIB,  mg/dl 

260* 

248* 

287*t 

267** 

+  32 

+  35 

+  39 

+  39 

*  p<0. 05 

**p<0. 001 

t  p< 0 . 05 
Table  8. 


from  control 
from  control 
Marathoners  >  Sedentary  and  Joggers 

Determinants  of  plasma  viscosity.  Where  PV  =  plasma 
viscosity  at  450  sec-  at  37°C  in  centipoise  (cP).  TP  = 
total  plasma  protein  concentration  in  gm/dl.  FIB  = 
fibrinogen  concentration  in  ng/dl,  GLOB  =  total  serum 
globulin  concentration  in  gm/dl,  ALB  =  total  albumin 
concentration  in  gms/dl.  Asterisks  denote  significance 
of  differences  exercise  and  recovery  samples  from  control 
values.  The  cross  denotes  significance  of  difference 
among  the  groups.  The  values  are  means  +  the  standard 
deviation . 


Table  10.  Whole  blood  viscosity  at  native  hematocrit.  Where  C 
=  control  sample  (pre-exercise),  E  =  Exercise  sample  (immedi¬ 
ately  post-exercise),  and  R  =  Recovery  sample  (1  hour  post¬ 
exercise)  .  Measurements  were  taken  at  six  different  shear 
rates  (11.25,  22.5,  45,90,  225,  and  450  sec-1)  at  37°C  and  re¬ 
corded  in  centipoise.  Asterisks  denote  significant  differences 
in  exercise  and  recovery  samples  from  control  values.  There 
were  no  differences  among  the  three  groups.  The  values  are 
means  +  the  standard  deviation. 
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Shear 


11.25 

sec-1 


22.5 

sec-1 


45 

sec-1 


90 

sec-1 


225 

sec-1 


450 

sec-1 


TABLE  10 


Whole  Blood  Viscosity 


Rate 

Sedentary 

Joggers 

Marathoners 

All 

(  n=  1 5  ) 

( n=14 ) 

(  n=  1 8  ) 

( n-47 ) 

C 

6.35 

6.05 

6.07 

6.15 

+  .81 

+  .80 

+  .60 

+  .73 

E 

7.23* 

7.34* 

7.40* 

7.33* 

+  .77 

+  .80 

+  .69 

+  .73 

R 

5.66* 

5.68* 

5.68* 

5.77* 

+  .92 

+  .72 

+  .65 

+  .75 

C 

5.69 

5.59 

5.58 

5.61 

+  .55 

+  .55 

+  .56 

+  .54 

E 

6.44* 

6.62* 

6.56* 

6.54* 

+  .55 

+  .67 

+  .75 

+ .  66 

R 

5.29* 

5.24* 

5.14* 

5.22* 

+  .61 

+  .75 

+  .63 

+  .65 

C 

4.95 

4.85 

4.84 

4.88 

+  .57 

+  .50 

+  .43 

+  .49 

E 

5.54* 

5.61* 

5.56* 

5.57* 

+  .50 

+  .58 

+  .49 

+  .51 

R 

4.54* 

4.49* 

4.46* 

4.50* 

+  .52 

+  .64 

+  .45 

+  .52 

C 

4.28 

4.17 

4.09 

4.17 

+  .46 

+  .39 

+  .38 

+  .41 

E 

4.71* 

4.78* 

4.66* 

4.71* 

+  .41 

+  .52 

+  .42 

+  .44 

R 

3.98* 

3.90* 

3.83* 

3.90* 

+  .43 

+  .46 

+  .33 

+  .40 

C 

3.80 

3.74 

3.69 

3.74 

+  .34 

+  .33 

+  .34 

+  .33 

E 

4.18* 

4.25* 

4.14* 

4.18* 

+  .34 

+  .43 

+  .38 

+  .38 

R 

3.60* 

3.51* 

3.46* 

3.52* 

+ .  31 

+  .37 

+  .30 

+  .32 

C 

3.57 

3.49 

3.43 

3.48 

+  .30 

+  .32 

+  .33 

+  .31 

E 

3.92* 

3.98* 

3.87* 

3.92* 

+  .37 

+  .41 

+  .36 

+  .36 

R 

3.35* 

3.28* 

3.20* 

3.27* 

+  .27 

+  .33 

+  .27 

+  .29 

*p<0.01 


a  k 


Table  11.  Whole  blood  viscosity  corrected  to  45%  hematocrit 
ith  autologous  plasma.  Measurements  were  taken  at  six  , 

ifferent  shear  rates , ( -11 . 25 ,  22.5,45,90,  225,  and  450  sec  ) 
and  recorded  in  centipoise.  Asterisks  denote  significance  of 
difference  of  exercise  and  recovery  samples  from  control 
values.  There  were  no  differences  among  the  three  groups.  The 
values  are  means  +  the  standard  deviation. 
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TABLE  11 

Whole  Blood  Viscosity  Corrected  to  45%  Hematocrit  with 

Autologous  Plasma 


Shear 

Rate 

Sedentary 

Joggers 

Marathoners 

All 

(  n=  1 5  ) 

(  n=  1 4 ) 

(  n=  1 8  ) 

( n=47 ) 

11.25 

sec-1 

C 

7.25 

7.26 

7.34 

7.29 

+  .34 

+  .61 

+  .38 

+  .44 

E 

7.53** 

7.49** 

7.63** 

7.56** 

+  .29 

+  .38 

+  .46 

+  .38 

R 

6.90** 

6.93** 

7.10** 

6.97** 

+  .42 

+  .39 

+  .34 

+  .38 

22.5 

sec-1 

C 

6.50 

6.40 

6.52 

6.48 

+  .24 

+  .40 

+  .42 

+  .36 

E 

6.72** 

6.73** 

6.69* 

6.71** 

+  .31 

+  .36 

+  .45 

+  .38 

R 

6.25** 

6.31 

6.33** 

6.30** 

+  .25 

+  .42 

+  .40 

+  .36 

45 

sec-1 

C 

5.59 

5.53 

5.51 

5.54 

+  .24 

+  .31 

+  .35 

+  .30 

E 

5.80** 

5.78** 

5.67* 

5.74** 

+  .27 

+  .33 

+  .39 

+  .34 

R 

5.47* 

5.43 

5.36* 

5.41** 

+  .26 

+  .37 

+  .39 

+  .34 

90 

sec-1 

C 

4.75 

4.72 

4.67 

4.71 

+  .20 

+  .25 

+  .29 

+  .25 

E 

4.91** 

4.92** 

4.74 

4.84** 

+  .21 

+  .31 

+  .30 

+  .29 

R 

4.69 

4.63 

4.54 

4.61** 

+  .27 

+  .27 

+  .31 

+  .29 

225 

sec-1 

C 

4.18 

4.15 

4.11 

4.14 

+  .16 

+  .19 

+  .24 

+  .20 

E 

4.33** 

4.33** 

4.20** 

4.28** 

+  .16 

+  .23 

+  .24 

+  .22 

R 

4.12 

4.05 

3.99** 

4.05** 

+  .20 

+  .24 

+  .26 

+  .24 

450 

sec-1 

C 

3.90 

3.85 

3.81 

3.85 

+  .13 

+  .17 

+  .23 

+  .19 

E 

4.04** 

4.04** 

3.93** 

4.00** 

+  .21 

+  .21 

+  .22 

+  .20 

R 

"3  8 1  *  * 

3.79 

3.72** 

3.77** 

+  .17 

+  .21 

+  .23 

+  .20 

*p<0 . 05 

**p<0.01 


Table  12.  Determinants  of  red  blood  cell  aggregability .  Where 
ESRc  =  erythrocyte  sedimentation  rate  standardized  to  hematocrit 
and  plasma  viscosity  in  mm/hr;  ZSR  =  zeta  sedimentation  ratio;  FIB 
=  fibrinogen  concentration  in  ng/dl;  GLOB  =  total  serum  globulin 
concentration  in  gm/dl ;  ALB  =  total  albumin  concentration  in  gm/dl. 
Asterisks  denotes  significance  of  differences  of  exercise  and 
recovery  samples  from  control  values.  The  cross  denotes  signifi¬ 
cance  of  difference  among  the  groups.  The  values  are  means  +  the 
standard  deviation. 
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TABLE  12 


Determinants  of  Red  Blood  Cell  Aggregabil ity 


Sedentary 

Joggers 

Marathoners 

All 

( n=15 ) 

( n=14 ) 

(  n=  1 8  ) 

( n=47 ) 

CONTROL 

ESRc  mm/hr 

7.0 

6.5 

9.3 

7.8 

+  2.8 

+  3.2 

+  6.5 

+  4.8 

ZSR 

46.7 

45.6 

47.5 

46.7 

+  2.7 

+  3.4 

+  4.0 

+  3.5 

HCT ,  % 

41.5 

40.8 

40.8 

41.0 

+  2.8 

+  2.9 

+  2.2 

+  2.6 

FIB,  mg/dl 

272 

260 

302t 

280 

+  29 

+  36 

+  50 

+  43 

GLOB,  gm/dl 

2.5 

2.3 

2.4 

2.4 

+  0.3 

+  0.3 

+  0.4 

+  0.4 

ALB,  gm/dl 

5.0 

5.1 

4.9 

5.0 

+  0.5 

+  0.4 

+  0.4 

+  0.4 

EXERCISE 

ESRc,  mm/hr 

8.4 

7.5 

10.0 

8.8* 

+  4.7 

+  3.6 

+  7.3 

+  5.6 

ZSR 

48.6 

48.2 

49.7 

48.9** 

+  2.7 

+  3.1 

+  2.9 

+  2.9 

HCT,  % 

44.5** 

44.8** 

44.6** 

44.6** 

+  2.6 

+  2.4 

+  2.6 

+  2.5 

FIB,  mg/dl 

280 

267 

31 5t 

289* 

+  29 

+  37 

+  43 

+  4  2 

RECOVERY 

ESRc,  mm/hr 

5.3 

4.8 

6.7 

5.7** 

+  3.3 

+  2.2 

+  4.1 

+  3.4 

ZSR 

45.5 

43.6 

45.1 

44.8** 

+  3.4 

+  3.2 

+  3.6 

+  3.4 

HCT,  % 

39.8** 

38.8** 

38.7** 

39.1** 

+  2.8 

+  3.0 

+  2.5 

+  2.7 

FIB,  mg/dl 

260* 

249* 

287t 

267** 

+  32 

+  35 

+  39 

+  39 

*  p  <  0.05  from  control 
**  p  <  0.01  from  control 

t  p  <  0.05  marathoners  vs.  sedentary,  marathoners  vs.  joggers 
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TABLE  13 


Blood  Viscosity  Factors  Affecting  Red  Blood  Cell  Def ormabil ity 


Sedentary 

Joggers 

Marathoners 

All 

(  n=  1 5  ) 

( n=14 ) 

(  n=  1 8  ) 

{  n=47 

CONTROL 

WBV45 ,  CP 

3.90 

3.85 

3.81 

3.85 

+  0.13 

+  0.17 

+  0.23 

+  0.19 

PV,  CP 

1.35 

1.32 

1.35 

1.34 

MCV,  10_151 

+  0.06 

+  0.06 

+  0.10 

+  0.08 

96.3 

93.7 

98.7 

96.2 

+  4.5 

+  6.9 

+  8.0 

+  6.6 

EXERCISE 

WBV45,  cP 

4.04** 

4.04** 

3.93** 

4.00’' 

+  0.21 

+  0.21 

+  0.22 

+  0.19 

PV,  CP 

1.42** 

1.40** 

1.44** 

1.42* 

MCV,  10_151 

+  0.06 

+  0.07 

+  0.10 

+  0.08 

97.5 

96.0 

101. 7t 

98.4** 

+  3.4 

+  4.2 

+  6.7 

+  5.7 

RECOVERY  . . 

WBV45,  CP 

3.81** 

3.79 

3.72** 

3.77’'’' 

+  0.17 

+  0.21 

+  0.23 

+  0.20 

PV,  CP 

1.29** 

1.28** 

1.29** 

1.29** 

+  0.07 

+  0.07 

+  0.08 

+  0.07 

MCV.  10"151 

98.1 

94.6 

99.7 

97.5 

+  6.3 

*  p  <  0.05  from  control 
**  p  <  0.01  from  control 
t  p  <  0.05  marathoner  vs. 

+  5.5 

joggers 

+  7.6 

+  6.5 

Table  13.  Blood  viscosity  factors  affecting  red  cell  deformabil ity . 
Where  WBV45  =  whole  blood  viscosity  corrected  to  45%  with  autologous 
plasma,  measured  at  450  sec  in  centipoise.  PV=  plasma  viscosity 
measured  at  450  sec  1  in  centipoise.  MCV  =  mean  corpuscular  volume  in 
femtoliters  (10  I51).  Asterisks  denote  significance  of  the  difference 
from  control.  The  cross  denotes  significance  of  difference  among  the 
groups.  The  values  are  means  +  the  standard  deviation. 
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TABLE  14 


Red  Blood  Cell  indices 


Sedentary 

Joggers 

Marathoners 

All 

( n=15) 

( n=14 ) 

( n=18 ) 

( n=47 ) 

CONTROL : 

Hb,  gm/dl  14.0 

14.0 

13.4 

13.8 

6  l1*0 

+  1.1 

+  .9 

+  1.0 

RBC,  X  10  4.32 

4.37 

4.15 

4.27 

,,  +0.34 

MCV ,  X  10  31  96.3 

+  0.36 

93.7 

+  0.33 

98.7 

+  0.35 
96.2 

+  4.5 

+  6.9 

+  8.0 

+  6.6 

MCHC,  %  35.2 

35.8 

34.3 

35.1 

+  0.7 

+  2.4 

+  1.9 

+  1.9 

EXERCISE: 

Hb,  gm/dl  14.8** 

15.1** 

14.3** 

14.7** 

,  +0.7 

+  1.1 

+  1.1 

+  0.9 

RBC,  X  10  4.56** 

4.68** 

4.39** 

4.53* 

,  ,,  +0.31 

MCV,  X  10_1:>1  97.5 

+  0.32 

+  0.32 

+  0.33 

96.0 

101. 7t* 

98.4* 

+  3.4 

+  4.2 

+  6.7 

+  5.7 

MCHC,  %  34.8 

35.0 

33 . 6tt 

34.0* 

+  1.1 

+  1.3 

+  1.1 

+  1.2 

RECOVERY: 

Hb,  gm/dl  13.5** 

13.3** 

12.9** 

13.2** 

+0.84 

+  1.2 

+  0.9 

+  1.0 

RBC,  X  10b  4.06** 

4.11** 

3.89** 

4.01* 

1  j.  +0. 31 

MCV,  X  10  Ibl  98.1 

+  0.34 

+  0.32 

+  0.33 

94.6 

99.7 

97.5 

+  6.3 

+  5.5 

+  7.6 

+  6.5 

MCHC,  %  35.3 

35.8 

34.7 

35.2 

+  1.2 

+  1.3 

+  1.1 

+  1.2 

*  p  <  0.05  control  vs  exercise  and  recovery  samples 
**  p  <  0.001  control  vs  exercise  and  recovery  samples 

t  p  <  0.05  marathoners  vs 

joggers 

tt  p  <  0.05  marathoners  vs 

sedentaries  and  joggers 

Table  14.  Red  blood  cell 

indices  changes 

with  exercise. 

Where  Hb 
10,  MCV 

=  hemoglobin  concentration 

gm/dl;  RBC  =  red  blood  count  x 

=  mean  corpuscular  volume 

in  femtoliters 

(10  1) ,  MCHC  = 

mean 

corpuscular  hemoglobin  concentration  (%).  Asterisks  denote  the 
significance  of  the  difference  from  control  values.  Crosses  denote 
significance  of  differences  among  the  groups.  The  values  are  means 
+  the  standard  deviation. 
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Figure  1.  VO^  max  Versus  Time  on  the  Treadmill  for  All 
Subjects.  Where  o  are  Sedentary,  +  are  joggers.and  A 
are  marathoners.  Corelation  coefficient  between  V02  max 
(ml*kg-I*min  *)  and  time  on  treadmill  (min)  was  (r  =  0.950). 
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Figure  2 


HEMOCONCENTRATION  WITH 
MAXIMAL  EXERCISE  IN  WOMEN 
•  n=47 


Plasma 
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led  Cell 
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Red  Cel] 

Mass 
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Ict=41 .0 

Hct=44,6 

Control  Exercise 


Figure  2.  Hemoconcentration  with  Maximal  Exercise  in  Women. 
Red  blood  cell  mass  remains  constant  with  exercise.  The 
hematocrit  rose  from  41.0  o  44.6  for  the  47  women.  The 
increase  in  hematocrit  is  due  to  loss  of  plasma  volume. 
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Figure  3 


TOTAL  PLASMA  PROTEIN 


*p40.01 

Figure  3.  Total  Plasma  Protein  Concentration  Change  with 
Maximal  Exercise.  A  significant  increase  in  plasma  protein 
concentration  occurred  for  (15)  sedentary  subjects,  (14) 
joggers  and  (18)  marathoners.  The  lower  bar  represents  the 
control  value  and  the  upper  bar  the  exercise  value.  The 
brackets  represent  +  S.E.M.  The  asterisks  denotes  the 
significance  of  the  difference  between  the  control  and 
exercise  values.  There  were  no  differences  in  the  control, 
exercise  or  percent  increase  with  exercise  plasma  protein 
concentrations  among  the  groups. 
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Figure  4 


FIBRINOGEN  CONCENTRATION  CHANGE 
WITH  MAXIMAL  EXERCISE 


Figure  4. 
Exercise, 
signif ica 
marathone 
upper  bar 
The  cross 
condition 
concentra 
the  seden 


Fibrinogen  Concentration  Change  with  Maximal 
Increase  in  fibrinogen  concentrations  were  not 
nt  for  (15)  sedentary  subjects,  (14)  joggers,  or  (18) 
rs.  The  lower  bar  represents  the  control  value,  the 
the  exercise  value.  The  brackets  represent  +  S.E.M. 
denotes  the  significance  of  the  difference  among  the 
ing  groups.  The  control  and  exercise  fibrinogen 
tions  was  greater  in  the  marathoners  when  compared  to 
tary  and  jogger  groups. 


70 


Figure  5 


PLASMA  PROTEIN  CONTENT  AND  CONCENTRATION 
CHANGES  WITH  MAXIMAL  EXERCISE  IN  WOMEN 

n=47 


Plasma 

Plasma 

Plasma 

Protein 

Plasma 

Protein 

Fibrin. 

Fibrin. 

Control 

Exercise 

Figure  5.  Plasma  Protein  Content  and  Concentration  Changes 
with  Maximal  Exercise.  With  maximal  exercise  plasma  volume 
loss  occurs  (Figure  2).  In  addition,  small  amounts  of  plasma 
proteins  are  lost  (Table  5).  This  figure  demonstrates  a  loss 
of  plasma  volume,  plasma  protein  content  and  fibrinogen  con¬ 
tent  (Fibrin).  Because  much  more  plasma  water  is  lost  than 
plasma  proteins  an  increase  in  plasma  protein  concentration 
occurs  with  maximal  exercise. 
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Figure  6 
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HEMATOCRIT  CHANGE  WITH 
MAXIMAL  EXERCISE 
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Figure  6.  Hematocrit  Change  with  Maximal  Exercise.  A 
significant  increase  in  hematocrit  occurred  for  (15)  sedentary 
subjects,  (14)  joggers  and  (18)  marathoners.  The  lower  bar 
represents  the  control  values,  the  upper  bar  the  exercise 
values.  The  brackets  represent  +  S.E.M.  The  asterisks  denote 
the  significance  of  the  difference  between  the  control  and 
exercise  values.  There  was  no  difference  in  control,  exercise 
or  percent  increase  in  hematocrit  with  exercise  among  the 
groups . 
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Figure  7 
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PLASMA  VISCOSITY  CHANGE 
WITH  MAXIMAL  EXERCISE 
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Figure  7.  Plasma  Viscosity  Change  with  Maximal  Exercise.  A 
significant  increase  in  plasma  viscosity  was  observed  in  the 
15  sedentary  subjects,  14  joggers  and  18  marathoners.  The 
lower  bar  represents  the  control  value  and  the  upper  bar 
represents  the  exercise  value.  The  brackets  are  +  S.E.M.  The 
asterisks  denote  the  significance  of  the  difference  between 
control  and  exercise  values.  There  were  no  differences  in 
control,  exercise,  or  percent  increase  in  plasma  viscosity 
with  exercise  among  the  three  groups. 


Figure  8.  Plasma  Viscosity  vs  Plasma  Protein  Concentration. 
This  scatterplot  demonstrates  a  positive  correlation  between 
plasma  viscosity  and  plasma  protein  concentration  of  control 
(r=0.804),  exercise  (r=0.752)  and  for  recovery  (r=0.782) 
samples  for  the  47  women  in  the  study  group.  All  correlations 
were  significant  at  teh  p  <  0.01  level. 


PLASMA  VISCOSITY  (CP)  (450  SEC-1) 


74 


1.8 

1.7 

1.6 

1.5 
1.  4 

1.3 

1.2 

L1! 

1.8 

1.7 

1.6 

1.5 

1.4 
1.3 
1.2 


Figure  8 
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Figure  9.  Plasma  Viscosity  vs  Fibrinogen  Concentration.  This 
scatter  plot  demonstrates  a  moderate  correlation  between 
plasma  viscosity  and  fibrinogen  concentration  at  control 
(r=.576),  exercise  (r=0.553)  and  recovery  (r=0.526)  samples 
for  the  47  women  in  the  study  group.  All  correlations  were 
significant  at  the  p  <  0.01  level. 
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Figure  10 

WHOLE  BLOOD  VISCOSITY  AT  NATIVE  HEMATOCRIT 


Figure  10.  Whole  Blood  Viscosity  at  Native  Hematocrit  Control 
and  Exercise.  This  graph  demonstrates  a  decrease  in  whole 
blood  viscosity  with  increasing  shear  rate.  Whole  blood 
viscosity  was  significantly  greater  p<0.01  after  exercise  in 
the  47  women  at  all  shear  rates.  The  brackets  are  +  S.E.M. 
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Figure  11 


WHOLE  BLOOD  VISCOSITY  CHANGES 
WITH  MAXIMAL  EXERCISE 


Figure  11.  Whole  Blood  Viscosity  (WBV)  Change  with  Maximal 
Exercise.  A  significant  increase  in  whole  blood  viscosity  was 
observed  in  the  (15)  sedentary  subjects,  (14)  joggers,  and 
(18)  marathoners.  The  lower  bar  represents  the  control  value, 
the  upper  bar  the  exercise  value.  The  brackets  are  +  S.E.M. 
The  asterisks  denote  the  significance  of  the  difference 
between  control  and  exercise  values. 
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Figure  12 
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Figure  12.  Whole  Blood  Viscosity  at  Native  Hematocrit  vs  VC>2 
Max.  There  wasno  correlation  between  whole  bloo^  viscosity 
(cP,  at  450  sec-1)  and  aerobic  capacities  (ml* kg  "min  A)  for 
the  15  sedentary  subjects  (S),  14  joggers  (J),  or  18 
marathoners  ( M) . 
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Figure  13.  Whole  Blood  Viscosity  vs  Hematocrit.  This  scatter 
plot  demonstrates  a  positive  correlation  between  whole  blood 
viscosity  and  hematocrit  of  (r=0.835)  control,  (r=0.828) 
exercise,  and  (r=0.814)  for  recovery  samples  for  the  47  women 
in  the  study  group.  All  correlations  were  significant  at  the 
p  <  0.01  level . 
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Figure  13 

WHOLE  BLOOD  VISCOSITY  VS  HEMATOCRIT 
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Figure  14 


WHOLE  BLOOD  VISCOSITY  CORRECTED  TO  45%  HEMATOCRIT 


Figure  14.  Whole  Blood  Viscosity  Corrected  to  45%  Hematocrit 
(WBV45)  Exercise  and  Control.  For  all  individual  samples  the 
hematocrit  was  corrected  to  45%  (+  0.2%)  with  autologous 
plasma  ( WBV45 )  for  control  and  exercise  samples  and  measured 
in  cP  at  450  sec  .  Values  plotted  are  means  +  S.E.M.  WBV45 
was  significantly  greater  after  exercise  in  the  47  women  at 
all  shear  rates. 
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Figure  15 

WHOLE  BLOOD  VISCOSITY 
(CORRECTED  TO  45%  HEMATOCRIT) 
CHANGES  WITH  MAXIMAL  EXERCISE 


*p<0„01 

Figure  15.  Whole  Blood  Viscosity  Corrected  to  45%  Hematocrit 
( WBV45 )  Changes  with  Maximal  Exercise,  A  significant  increase 
in  WBVc  was  observed  in  the  15  sedentary  subjects,  14  joggers, 
and  18  marathoners.  The  lower  bar  represents  the  control 
value  and  the  upper  bar  represents  the  exercise  value.  The 
brackets  are  +  S.E.M.  The  asterisks  denote  the  significance 
of  the  difference  between  control  and  exercise  values. 
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Figure  16.  ESRc  vs  ZSR.  This  scatter  plot  demonstrates 
strong  positive  correlations  between  these  two  methods  of 
determining  red  cell  agg regabil i ty .  The  correlations  between 
ESRc  and  ZSR  were  (r=0.859)  for  control,  (r=0.729)  for 
exercise  and  (r=0.747)  for  recovery  samples  for  the  47  women 
in  the  study  group.  The  correlations  were  significant  at  the 
p  <  0.01  level . 
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Figure  16 
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Figure  17.  Fibrinogen  Concentration  vs  Erythrocyte 
Sedimentation  Rate  (corected  to  45%  and  1.3  cP) .  This  scatter 
plot  demonstrates  positive  correlations  between  fibrinogen 
concentration  (mg/dl)  and  ESRc  for  control  (r=0.787),  exercise 
(r=0.601),  and  recovery  (r=0.579)  samples  for  the  47  women  in 
the  study  group.  All  correlations  were  significant  at  the  p  < 
0.01  level. 
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Figure  18.  Fibrinogen  Concentration  vs  Zeta  Sedimentation 
Ratio  (2SR).  This  scatter  plot  demonsrates  positive  corre¬ 
lations  between  fibrinogen  concentration  (mg/dl)  and  ZSR  of 
(r=0.697)  for  control,  (r=0.456)  for  exercise  and  (r=0.609) 
for  recovery  samples  for  the  47  women  in  the  study  group, 
correlations  were  significant  at  teh  p  <  0.01  level. 
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Figure  18 

FIBRINOGEN  VS  ZSR:  CONTROL 
r=  0.697 
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Figure  19 

ERYTHROCYTE  SEDIMENTATION  RATE 


Figure  19.  Erythrocyte  Sedimentation  Rate  Corrected  to  45% 
Hematocrit  and  1.3  cP  (ESRc)  Change  with  Maximal  Exercise. 
Increases  in  ESRc  with  exercise  were  not  significant  for  (15) 
sedentary  subjects,  (14)  joggers  or  (18)  marathoners. 

The  lower  bar  represents  the  control  values,  the  upper  bar  the 
exercise  value.  The  brackets  represent  +  S.E.M.  There  were 
no  differences  in  control  ESRc  or  percentage  increase  in  ESRc 
with  exercise  among  groups. 
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Figure  20 


ZETA  SEDIMENTATION  RATIO 


Figure  20.  Zeta  Sedimentation  Raio  (ZSR)  Change  with  Maximal 
Exercise.  Increases  in  ZSR  with  exercise  were  not  signifiant 
for  (15)  sedentary  subjects,  (14)  joggers,  or  (18) 
marathoners.  The  lower  bar  represents  the  control  values,  the 
upper  bar  the  exercise  value.  The  brackets  represent  +  S.E.M. 
There  were  no  differences  in  control  ZSR  or  percentage 
increase  in  ZSR  with  exercise  among  the  groups. 


Discussion 


The  Control  of  Key  Variables  in  the  Study  Population 

A  common  failing  of  the  few  previous  studies  involving 
blood  viscosity  changes  with  fitness  level  is  the  poor  docu¬ 
mentation  and  classification  of  the  study  population.  In 
this  study  much  effort  was  taken  to  obtain  a  very  well 
matched  subject  pool,  the  members  of  which  differed  only  in 
conditioning  level. 

As  will  be  discussed  in  greater  detail  below,  factors 
felt  to  be  critical  for  the  measurement  of  both  conditioning 
and  blod  viscosity  (V02  max,  body  habitus,  timing  of  samp¬ 
ling,  age)  were  all  carefully  controlled  in  this  study.  In 
previous  studies,  fitness  level  was  either  not  reported, 
arbitrarily  or  reported  only  indirect  measurements  were 


This  study  evaluated  women  in 


three  distinct  conditioning  groups  and  directly  measured 

their  maximal  aerobic  capacities.  Direct  aerobic  capacity 

measurement  is  the  single  most  reliable  method  for  predicting 

7,29,138 

maximal  aerobic  endurance  performance# 

Since  VC>2  max  is  directly  related  to  frequency,  inten¬ 
sity  and  duration  of  training  it  is  expected  that  the  mara¬ 
thoners  would  have  the  highest  V02  max  followed  by  the 


joggers.4  The  VC>2  max  was  33%  greater  in  our  marathoners 

than  in  our  sedentary  subjects.  Increases  in  VC>2  max  of 


4 


greater  than  25%  have  been  recorded  in  training  programs. 


These  increases  are  often,  in  part,  a  result  of  a  net  loss  of 
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body  fat  and  an  increase  in  lean  body  mass,  and  are  not  just 
due  to  circulatory  changes  that  occur  with  conditioning.4 

Attempts  were  made  to  closely  match  subjects  for  body 
habitus.  It  was  especially  difficult  to  find  sedentary 
subjects  as  lean  as  the  conditioned  athletes.  However,  the 
three  groups  were  similar  in  height,  weight,  and  lean  body 
mass.  It  should  be  noted  that  all  groups  were  well  below 
reported  averages  for  body  fat  in  American  women  with  ages 
similar  to  the  study  group. 51'15^  For  this  reason,  even  our 
sedentary  group  had  a  mean  VC^  max  that  placed  them  in  a 
fairly  good  fitness  category. 

Since  many  circadian,  seasonal  and  other  temporal 
changes  may  affect  whole  blood  viscosity  it  was  necessary  to 
control  for  these  also.  The  time  of  day  at  which  the  samples 
were  taken  was  not  always  mentioned  in  previous  studies.75 
Since  plasma  volume,  the  concentrations  of  various  plasma 
proteins,  and  hematocrit  show  a  diurnal  variation  it  is 
important  to  sample  all  subjects  at  the  same  time  of  the 
day.15^  In  this  study  all  blood  samples  were  obtained 
between  7:45  A.M.  and  11:45  A.M.  to  minimize  possible 
variation  due  to  circadian  rhythms. 

Seasonal  variations  have  been  reported  in  blood 
viscosity.12'119  Because  plasma  volume  expansion  and 
decreased  hematocrits  may  occur  in  summer,  beginning  a 
conditioning  study  in  late  spring  may  bias  the  outcome  of  the 
study.  In  this  study  all  samples  were  obtained  from  late 
fall  to  early  spring  and  participants  among  the  three 
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conditioning  groups  were  randomly  accepted  during  the  study. 

Cyclic  variations  in  blood  viscosity  during  the 

1 2 

menstrual  cycle  have  been  reported.  At  low  shear  rates 
marked  differences  were  apparent.  However,  at  the  shear 
rates  that  were  measured  in  the  present  study  very  little 
variation  occurs  in  blood  viscosity  during  the  menstrual 
cycle.  To  eliminate  the  possible  effect  of  these  cyclic 
variations,  all  subjects  were  tested  5-10  days  after  the 
onset  of  menses  {early  follicular  phase). 

Age  is  not  thought  to  markedly  affect  any  of  the  key 
factors  affecting  whole  blood  viscosity.  However,  one  report 
suggests  higher  fibrinogen  concentrations  with  advanced 
age.58  It  is  also  well  known  that  age  significantly  affects 
aerobic  capacities,  with  aerobic  capacity  decreasing  with 
age.8^  Previous  studies  have  had  wide  variations  in  the  ages 
of  the  subjects.  This  study  group  had  a  very  narrow  age 
range  and  the  mean  ages  for  the  three  conditioning  groups 
were  comparable. 

in  summary,  the  subject  population  was  carefully  chosen 
and  well— character ized  by  fitness  level  and  aerobic  capacity. 
No  other  study  evaluating  blood  viscosity  alterations  with 
exercise  have  employed  such  a  tightly  controlled,  selected 
population.  In  addition,  subjects  were  sampled  under 
strictly  controlled  conditions  to  limit  other  temporal 
(diurnal,  menstrual,  seasonal)  variations  in  blood  viscosity 

which  may  occur. 

The  Impact  of  Sampling  Procedures  on  the  Experimental  Outcome 
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Many  of  the  observations  made  during  the  course  of  a 
treadmill  run  were  altered  by  the  sampling  of  blood.  Removal 
of  45-50  cc  of  blood  for  control  and  exercise  samples 
affected  measurements  of  WBV  in  exercise  and  recovery 
samples ,  respectively.  In  the  average  55  kilogram  subject 
with  a  blood  volume  of  four  liters  this  represented  a  two 
percent  loss  of  red  cells.  If  the  entire  loss  of  red  cells 
and  plasma  was  replaced  by  interstitial  water  the  recovery 
sample  would  show  a  four  percent  decrease  in  hematocrit,  as 
well  as  a  six  percent  decrease  in  plasma  protein  concentra¬ 
tion.  Our  recovery  sample  data  agreed  closely  with  these 
calculations.  An  overall  4.6%  decrease  in  hematocrit  coupled 
with  a  5.2%  loss  in  total  plasma  proteins  was  observed.  The 
native  hematocrit  WBV  decreased  almost  6.0%  while  WBV45  was 
down  2.1%. 

These  changes  suggest  a  rapid  redistribution  of  plasma 
volume,  within  an  hour  of  exercise  replacing  the  intra¬ 
vascular  losses  which  maximal  exercise  induces.  These  data 
are  consistent  with  previous  work  which  demonstrated  a  rapid 
return  of  plasma  water  to  the  vascular  spaces.  A  return  of 
hematocrit  and  plasma  volume  to  control  values  therefore 
occurs  rapidly  after  completion  of  exercise. 

Hemoconcentrat ion  With  Exercise 

A  marked  hemoconcentrat ion  (8.9%  increase  in  hematocrit) 
was  observed  with  maximal  exercise  for  the  entire  group. 

This  degree  of  hemoconcentration  is  consistent  with  several 
previous  studies  in  men  in  which  the  hematocrit  increased 
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from  4%  to  10%  with  maximal  exerc ise . ^ ' ^5 ' 1 1 ^ ' 1 5^ 

In  man,  red  cell  mass  does  not  increase  or  decrease  with 

exercise.  Therefore,  any  increase  in  the  hematocrit  must  be 

89  115 

due  to  a  loss  of  plasma  volume.  '  Decreases  in  plasma 

volume  can  be  calculated  from  changes  in  hematocrit  using 
equations  derived  by  Van  Beaumont.155  Van  Beaumont  has 
reported  these  calculations  to  be  accurate  to  within  3%  of 
measured  plasma  volumes.155  Using  these  equations  we  found  a 
12.7%  decrease  in  plasma  volume  for  the  study  group. 

Van  Beaumont  has  previously  reported  a  9.7%  increase  in 
hematocrit  with  exercise  paralleled  by  a  9.6%  change  in 
hemoglobin  concentration  and  a  9.2%  change  in  red  blood  cell 
count.  He  concluded  that  with  maximal  exercise  the  percent 
change  in  plasma  volume  could  be  calculated  using  either  of 

these  variables.  These  calculations  are  accurate  if  the  red 

..  .  .  48,156,157,158,159 

cells  remain  the  same  size  after  exercise. 

Later  studies  have  pointed  out,  however,  that  red  cells  can 
shrink,  remain  stable  or  swell  depending  upon  the  osmolality 
and  pH  changes  at  maximal  exercise.1*^  Red  cell  volume 
changes  with  exercise  would  affect  hematocrit  determinations 
and,  therefore,  plasma  volume  calculations  based  upon  hemato¬ 
crit.  In  this  study  the  MCV  was  significantly  higher  after 
exercise.  As  a  result  the  increases  in  hemoglobin  concen¬ 
tration  (6.8%)  and  in  red  cell  count  (6.1%)  (which  were  based 
on  hemoconcentration  and  not  influenced  by  MCV),  were  less 
than  the  increase  in  hematocrit  (8.9%).  The  equation  by  Dill 
which  takes  into  account  changes  in  hemoglobin  concentration. 
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as  well  as  hematocrit,  seems  to  be  more  appropriate  in 

c  o 

evaluating  plasma  volume  loss  with  exercise.  Using  these 
calculations  we  observed  an  11.0%  loss  in  plasma  volume.  By 
either  Dill's  or  Van  Beaumont’s  method  the  degree  of  plasma 
volume  loss  was  comparable  among  the  groups  (Table  4).  Thus 
hemoconcentration  appears  to  be  a  function  of  the  relative 
intensity  of  the  work  (maximum  work)  rather  than  the  absolute 
work  performed  and  does  not  seem  to  be  influenced  by  the 
degree  of  aerobic  conditioning. 

Hemoconcentration  with  exercise  elevates  the  plasma 
protein  concentrations,  as  well  as  hematocrit.  The  10.2% 
increase  in  plasma  protein  concentration  observed  for  the 
entire  study  group  was  consistent  with  previous 
studies . In  earlier  studies  it  was  assumed  that  the 
plasma  proteins  remained  in  the  vasculature  with  exercise. 
However,  later  studies  have  reported  plasma  protein  loss  from 
the  vasculature.^'^7  The  amount  of  protein  lost  appears  to 
be  a  function  of  the  intensity,  duration,  and  method  of 
exercise.  The  loss  of  plasma  proteins  from  the 

vasculature  is  still  minor  when  compared  with  the  marked 
increase  in  plasma  protein  concentration  that  is  due  to  the 
acute  loss  of  plasma  water  with  exercise. 

Fluid  shifts  with  exercise  are  due  to  the  transcapillary 
movement  of  plasma  water  into  exercising  muscles.  This  is  a 
result  of  hyperosmolarity  of  the  tissues  and  increased 
capillary  hydrostatic  pressures. It  has  been  shown  that 
most  of  the  plasma  water  shift  occurs  within  the  first  six 
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minutes  of  exercise  and  the  degree  of  fluid  shift  is  a 
function  of  the  relative  intensity  rather  than  the  duration 
of  exercise .  *** 

As  stated  above  plasma  volume  loss  was  11.0  to  12.7%. 
However,  protein  concentrations  increased  only  10.2%.  This 
suggests  a  small  net  loss  of  plasma  proteins  from  the 
vasculature  with  maximal  exercise.  The  concentration  of 
plasma  solute  is  related  to  the  change  in  plasma  volume.  As 
discussed  earlier  the  plasma  volume  was  estimated  by  two 
equations.  Therefore,  two  equations  were  also  used  to 
calculate  the  loss  in  plasma  protein  content . ^ The 
calculated  losses  of  1.9-3. 7%  in  total  plasma  proteins  with 
maximal  exercise  are  in  close  agreement  with  previous 
f  indings.  48' 1-*7' 157  This  protein  loss  was  similar  among  the 
groups  and  was  a  function  of  the  relative  intensity  of 
exercise  and  not  the  duration. 

Of  particular  interest  was  the  relatively  small  increase 
in  fibrinogen  concentration  (3.7%)  and  the  disproportionately 
large  loss  of  fibrinogen  content  (7-9%)  with  maximal  exer¬ 
cise.  This  has  several  important  implications  for  changes  in 

40  154 

blood  viscosity  with  exercise. 

In  discussing  whole  blood  viscosity  changes  with 
exercise  it  is  necessary  to  separate  the  various  components 
of  blood  viscosity  and  evaluate  each  in  detail.  Therefore, 
the  contribution  and  effects  of  hematocrit,  plasma  viscosity, 
aggregabil ity  and  red  cell  def ormabil ity  will  be  approached 
separately  before  whole  blood  viscosity  will  be  addressed. 
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Hemoconcentration  produced  by  exercise  increases  hemato¬ 
crit  and  plasma  protein  concentrations,  causing  important 
rheologic  perturbations  which  will  now  be  examined. 

Blood  Viscosity  Response  to  Exercise : 

Hematocrit 

Changes  in  hematocrit  were  strongly  correlated  with 
changes  in  whole  blood  viscosity,  in  control,  exercise  and 
recovery  samples  (Figure  10).  In  addition,  the  relative 
contribution  of  hematocrit  to  total  whole  blood  viscosity  was 
the  same  at  rest,  after  exercise  and  after  recovery. 

It  is  a  well-established  observation  that  the  hematocrit 
in  most  species  remains  very  close  to  that  defined  as  optimal 
for  _in  vitro  estimates  of  maximal  hemoglobin  transport.50,146 
As  hematocrit  increases  so  does  viscosity.  A  certain  end¬ 
point  is  reached  for  hematocrit  at  which  the  amount  of  oxygen 
and  hemoglobin  delivered  per  unit  of  time  will  no  longer 

increase  because  of  increased  viscous  resistance  and  reduced 
146 

flow.  Decreases  in  flow  thus  offset  increases  in  oxygen 

carrying  capacity.  The  normal  hemoglobin  concentration  in 
women  is  less  than  that  in  men.  The  optimal  hematocrit  for 
maximal  hemoglobin  delivery  is  near  the  resting  hemato- 
crit.  However,  as  shear  stresses  increase  with  exercise, 

because  of  the  tremendous  increase  in  cardiac  output,  the 

•  ,  t  ,  ■  154 

optimal  hematocrit  for  oxygen  transport  also  increases. 

The  modest  6-9%  increase  in  hematocrit  and  hemoglobin  concen¬ 
tration  we  observed  may  be  an  adjustment  towards  the  optimum 
for  maximal  oxygen  delivery  during  exercise. 
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Adams  found  that  total  body  hemoglobin  was  the  blood 
variable  which  most  strongly  correlated  with  VO^  max 
(r=0.85).'1'  He  suggested  that  the  lower  VC>2  max  in  highly 
conditioned  women  compared  to  highly  conditioned  men  was 
primarily  due  to  the  lower  total  body  hemoglobin  in  women 
rather  than  a  lower  cardiac  output  or  oxygen  extraction  at 
the  tissue  level.  These  data  suggest  that  women  have  a  lower 
than  optimal  hematocrit  for  maximal  efficiency  of  oxygen 
del ivery . 

In  the  present  study,  the  hematocrit  and  hemoglobin  con¬ 
centrations  at  rest  were  similar  in  the  three  fitness  cate¬ 
gories.  In  a  previous  study  in  this  laboratory  similar 

hematocrits  were  also  recorded  in  60  men  in  three  distinct 

9 

conditoning  groups.  However,  other  workers  have  reported  a 

decreased  hematocrit  with  conditioning  which  is  probably  the 

result  of  a  greater  increase  in  plasma  volume  relative  to  red 
17  97 

cell  content.  ' 

Plasma  Viscosity  Changes  with  Exercise 

This  study  showed  that  the  increase  in  plasma  viscosity 
was  much  less  than  would  be  expected  from  the  degree  of 
hemoconcentrat ion  if  only  plasma  water  were  lost  to 
interstitial  spaces.  With  maximal  exercise  the  increase  in 
plasma  viscosity  was  similar  among  the  groups  and  averaged 
only  6.3%.  Total  plasma  proteins  increased  more  than  10%. 
Most  of  the  increase  was  in  the  albumin  and  globulin 
fractions,  while  the  rise  in  fibrinogen  concentration  was 
relatively  slight.  This  3.7%  increase  in  fibrinogen  concen- 
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tration  was  considerably  less  than  would  be  expected  from  the 
degree  of  hemoconcentrat ion .  As  will  be  discussed,  this 
change  in  fibrinogen  concentration  may  aid  in  the  attainment 
of  maximal  oxygen  transport  during  vigorous  exercise. 

This  study  demonstrated  that  the  d isproportinately  small 
rise  in  fibrinogen  concentration  was  largely  responsible  for 
the  blunted  increase  in  plasma  viscosity.  This  smaller  than 
expected  rise  in  fibrinogen  concentration  has  several  rheo¬ 
logical  consequences  which  are  advantageous  in  the  exercising 
subject.  If  the  fibrinogen  concentration  had  increased  as 
much  as  hematocrit  and  hemoglobin,  even  more  marked  increases 
in  plasma  viscosity  would  have  occurred.  As  hematocrit 
increases,  oxygen  transport  is  augmented.  However,  increases 

in  plasma  viscosity  increase  whole  blood  viscosity  and 

3  2  1 3  S 

decrease  flow,  thus  decreasing  oxygen  transport. 

It  is  physiologically  advantageous  and  more  efficient 
for  oxygen  delivery  to  only  increase  plasma  viscosity  by  only 
6.3%  during  maximal  exercise  while  incurring  an  11.0%  loss  in 
plasma  volume.  This  blunted  increase  in  plasma  viscosity 
with  exercise  was  most  likely  due  to  a  relatively  large  loss 
of  fibrinogen  from  the  vasculature,  since  the  loss  of  albumin 
and  globulin  was  relatively  small. 

Previous  investigators  have  suggested  that  the  mechanism 
for  maintaining  the  fibrinogen  concentration  at  near 
pre-exercise  levels  during  exercise  induced  hemoconcentration 
is  increased  fibrinolytic  activity. It  is  well-documented 
that  fibrinolytic  activity  is  markedly  accelerated  with 
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exercise .  44 ' 45 ' 72 '  ^  However,  whether  or  not  accelerated 

f ibr inogenolysis  occurs  with  exercise  is  controversial. 

Collen  et  al.  have  reported  increases  in  the  degradation  of 

fibrinogen  with  exercise,  but  Ferguson  et  al.  and  Gurewich  et 

al *  have  been  unable  to  document  any  increased  fibrinogen 

4  5  7  3  8  0 

catabolism  with  exercise.  '  '  The  fibrinogen  chain  most 

susceptible  to  degradation  (A-alpha  chain)  showed  no  in¬ 
creased  degradation  after  exercise  and  the  ratio  of  total 
alpha-chain  to  beta  and  gamma  chains  after  exercise  was 

7  3 

unaltered.  If  f ibrinogenolysis  does  not  occur  fibrinogen 

must  be  lost  by  another  mechanism.  Two  hypotheses  which  may 

explain  this  include  removal  of  fibrinogen  from  the  plasma  by 

transudation  into  the  interstitial  spaces  and  increased 

fibrin  clot  formation  with  exercise.  Of  the  two,  an  increased 

deposition  of  fibrin  clots  during  exercise  is  the  most  likely 

explanation  for  the  observed  changes  in  fibrinogen 
72 

concentration. 

Regardless  of  the  mechanism  for  attenuation  of  the 
increase  in  fibrinogen  and  total  plasma  protein  concentra¬ 
tions  during  hemoconcentration,  definite  rheological  advan¬ 
tages  are  apparent.  In  the  microvasculature,  because  of 
central  migration  of  red  blood  cells,  relatively  large  plasma 
cuff,  and  hematocrits  of  8-20%,  cellular  components  make  a 
relatively  minor  contribution  to  whole  blood  viscosity  when 

compared  to  plasma.  Therefore,  plasma  viscosity  is  the  major 

8 1 

determinant  of  blood  viscosity  in  the  microvasculature. 

With  exercise  an  increase  in  hematocrit  and  hemoglobin  con— 
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centration  should  occur  in  the  microvasculature  while  a 
slight  increase  in  plasma  viscosity  would  also  be  expected. 
Plasma  Viscosity  Changes  with  Conditioning 

With  endurance  training  multiple  alterations  occur  which 
increase  oxygen  delivery  and  utilization.7*131  Little  is 
known  about  possible  effects  of  conditioning  on  plasma 
viscosity.  However,  a  decrease  in  plasma  viscosity  in 
endurance  trained  individuals  at  rest  and  exercise  would 
certainly  increase  oxygen  delivery.  Letcher  found  signifi¬ 
cantly  lower  plasma  viscosities  in  subjects  (12  males,  1 
female)  who  ran  20-70  miles  per  week  compared  to  plasma  vis¬ 
cosities  of  sedentary  subjects  (11  male,  1  female).  The 

difference  was  primarily  due  to  a  lower  fibrinogen  concentra- 

9  5 

tion  in  the  runners.  However,  in  the  present  study  invol¬ 
ving  47  women,  there  were  no  significant  differences  in 
plasma  viscosity  among  the  three  conditioning  groups.  Mara¬ 
thoners  had  a  higher  fibrinogen  concentration  than  the  other 
groups.  Even  though  the  women  running  higher  mileages  had 
increased  fibrinogen  concentrations,  their  plasma  viscosities 
were  no  different  than  those  of  the  other  groups.  Fibrinogen 
concentration  has  the  most  influence  of  any  single  protein 
fraction  on  plasma  viscosity.  However,  total  plasma  protein 
correlated  more  closely  with  plasma  viscosity  (r=0.804).  The 
lack  of  a  rise  in  plasma  viscosity  is  therefore  not  surpris¬ 
ing  since  the  marathoners  total  plasma  protein  concentrations 
were  similar  to  the  other  groups.  If  a  single  variable  model 
is  adopted  to  predict  plasma  viscosity  from  plasma  protein 
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concentrations  then  r  =  0.64.  This  means  that  36%  of  the 
total  variability  in  plasma  viscosity  is  still  unexplained. 
The  total  protein  concentrations  were  not  significantly 
different  in  the  marathoners  and  sedentary  subjects.  In  this 
cross-sectional  study  of  women,  aerobic  conditioning  was  not 
associated  with  differences  in  plasma  viscosity  and  long¬ 
distance  training  did  not  have  an  effect  on  fibrinogen 
concentration . 

Red  Cell  Aggregabil ity  with  Exercise  and  Conditioning 

As  stated  earlier,  aggregability  of  red  cells  is 
influenced  by  hematocrit,  plasma  protein  concentrations 
(especially  fibrinogen)  and  shear  stresses  at  the  cell 
surface.154  In  this  study,  marked  increases  in  hematocrit 
and  plasma  proteins  with  exercise  resulted  in  significantly 
elevated  ESRc  and  2SR  (Table  12).  For  the  total  group,  ZSR 
increased  5.0%  and  ESRc  16.6%  (Table  7). 

The  increase  in  hematocrit  with  exercise  increases 
crowding  of  individual  cells  and  increases  cell  to  cell 
interaction.  Though  not  directly  measured,  presumably 
macromolecular  bridging  increases  and  aggregates  form  more 
readily . 

p ibr i nogen  has  the  most  influence  on  aggregability.  The 
results  of  this  study  are  consistent  with  previous  work 
showing  a  strong  correlation  of  ESRc  and  ZSR  with  fibrinogen 
concentration  (r=0.790  and  r=0.697,  respectively,  P  <  0.01). 
Because  of  the  strong  positive  correlation  of  fibrinogen  con¬ 
centration  with  sedimentation  rates,  the  modest  increase  in 
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fibrinogen  (3.7%  in  total  group)  after  exercise  still  contri¬ 
buted  to  the  increased  aggregabil ity .  The  effects  of  in¬ 
creased  hematocrit  and  increased  fibrinogen  concentration  on 
red  cell  aggregability  are  additive. 

Prior  studies  on  physical  conditioning  and  red  cell 
aggregability  are  quite  limited.  Dintenfass  reported  normal 
values  for  an  aggregability  index  based  upon  sedimentation 
methods  as  109.8  +  73.6;  a  mean  value  of  40.9  +  34.0  was 
found  for  nine  athletes.53  Letcher  found  a  lower  fibrinogen 
concentration  in  male  athletes  versus  sedentary  subjects 

which  could  be  associated  with  decreased  aggregability.^5 
Other  studies  suggest  that  the  ery thropoetic  system  is  more 

active  in  men  who  train  heavily  and  have  increased  red  blood 

cell  destruction  and  more  rapid  erythrocyte  turnover  rates. 

This  would  result  in  a  younger  red  blood  cell  popula- 

tion.  '  However,  these  training  regimens  were  severe 

and  proper  studies  have  not  been  done  to  determine  if 

athletes  indeed  have  a  younger  red  cell  population.  Younger 

cells  contain  a  greater  number  of  sialic  acid  residues  and 

possess  a  greater  zeta  potential  which  acts  to  repel  other 

10  2  . 

red  cells.  The  zeta  potential  decreases  with  aging  of 

154 

cells  resulting  in  an  increase  in  macromolecular  bridging. 

The  trends  of  the  magnitude  and  direction  of  the  changes 
in  the  ESRc  and  ZSR  were  those  expected  among  the  condition¬ 
ing  groups,  given  the  higher  fibrinogen  concentrations  in  the 
marathoner  group.  However,  the  variations  in  ESRc  and  ZSR 
were  too  great  to  allow  statistical  significance.  In  this 
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study  the  fibrinogen  concentration  in  marathoners  was  greater 
than  in  joggers  or  sedentary  subjects.  Since  fibrinogen 
concentration  correlated  strongly  with  ESRc  and  ZSR,  a  higher 
sedimentation  rate  would  be  expected  in  the  marathoners. 
However,  the  apparently  higher  ESRc  of  9.3  +  6.5  mm/hr  in 
marathoners  versus  7.0  +  2.8  mm/hr  in  sedentary  and  6.5  +  3.2 
mm/hr  in  joggers  was  not  statistically  significant.  Likewise 
the  ZSRs  were  not  statistically  different  among  the  three 
groups  (47.5  +  4.0  in  the  marathoners;  45.6  +  3.4  in  the 
joggers;  and  46.7  +  2.7  in  the  sedentary). 

In  summary,  with  exercise,  _i_n  vitro  methods  reflect 
significant  increases  in  aggregab il ity  which  correlate  with 
fibrinogen  concentration  and  increased  hematocrit.  However, 
in  this  cross-sectional  study  in  women,  conditioning  did  not 
appear  to  play  a  significant  role  in  the  aggregabil ity  of  red 
cells . 

Red  Cell  Deformability  and  Exercise 

Another  major  determinant  of  whole  blood  viscosity  is 
the  flexibility  or  deformability  of  the  red  cells.  The  fluid 
droplet-like  behavior  of  cells  in  suspension  is  responsible 
for  a  decrease  in  whole  blood  viscosity  with  increasing  shear 

rates,  and  also  allows  the  cells  to  pass  through  passageways 

.  „  33,132 

smaller  than  their  diameter. 

Exercise  is  thought  to  decrease  deformability  of  red 
cells  by  decreasing  pH  and  PC>2,  and  increasing  the  osmolality 
of  the  intravascular  spaces.101  In  normal  individuals  the 
of  red  cell  stiffening  which  occurs  in  the  micro¬ 


degree 
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vasculature  with  exercise  may  be  difficult  to  quantify.  In 

certain  pathological  conditions  such  as  the  sickling 

diseases,  exercise  may  actually  result  in  a  decreased  flow  to 

an  exercising  leg  as  a  result  of  markedly  decreased  deform- 

ability  of  the  cell  with  decreasing  oxygen  content  and  lower 
37 

pH.  As  stated  earlier,  the  degree  of  pH  reduction  and 

increase  in  osmolality  seems  to  be  a  function  of  the  relative 
intensity  of  the  exercise  and  the  resultant  build  up  of 
metabolites,  rather  than  the  absolute  work  load.76'157 

In  previous  studies  osmolality  and  pH  correlate  strongly 
with  lactate  concentrations . ' 167  Immediately  after  exer¬ 
cise  lactate  concentrations  were  more  than  eight  times  the 
control  levels.  Such  changes  in  pH  and  osmolality  may  have 
significant  effects  on  cell  size . 48 ' 1 67  With  maximal 
exercise  an  increase  in  the  mean  corpuscular  volume  of  red 
cells  was  recorded  in  the  present  study.  Mean  corpuscular 
hemoglobin  concentration  decreased  and  plasma  hemoglobin 
concentration  increased  less  than  the  hematocrit.  This 
swelling  of  red  cells  causes  a  reduction  in  the  surface  area 
to  volume  ratio.  Previous  studies  have  reported  decreased 
f ilterabil ity  and  deformabil ity  of  cells  with  decreased 
surface  area  to  volume  ratios.106  In  the  present  study  the 
relative  change  in  deformabil ity  of  the  cells  before  and 
after  exercise  could  not  be  measured  directly.  However,  the 
effect  of  aerobic  conditioning  on  the  flexibility  of  the  red 
cell  population  was  evaluated  indirectly. 

Red  Cell  Deformabil ity  with  Conditioning 
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During  strenuous  conditioning  increased  red  blood  cell 

turnover  (both  increased  destruction  and  increased  production 

129 

of  erythrocytes)  is  thought  to  occur.  Higher  reticulocyte 

counts  in  athletes  are  not  unusual.  The  younger  red  blood 
cells  possess  a  larger  surface  area  to  volume  ratio,  as  well 
as  lower  calcium  and  higher  ATP  levels.150  These  factors  all 
increase  flexibility  of  the  cell. 

Several  studies  involving  cardiovascular  diseases  or 
"less  fit"  individuals  with  angina,  myocardial  infarction, 
intermittent  claudication  and  sickle  cell  disease  have  demon¬ 
strated  a  decreased  deformabil ity  or  f il terabil ity  of  red 
blood  cel Is . ' 50 ' 0 ^ ' 1 ^  when  red  cells  are  suspended  at 
a  standard  cell  concentration  (45%  HCT )  in  a  medium  of 
standard  viscosity,  the  WBV  at  high  shear  rates  (where  total 
dispersion  of  the  cells  exists)  is  a  good  measure  of  the 
deformability  of  red  cells.  Differences  in  deformabil i ty  of 

red  cell  populations  in  normal  versus  sick  patients  are 

13  5 

easily  measured.  However,  in  a  population  of  normal 

subjects  differences  in  deformability  of  red  cells  may  be  too 
subtle  to  detect  by  this  method. 

In  the  present  study,  to  evaluate  the  differences  in 
deformability  among  the  conditioning  groups,  hematocrits  were 
standardized  to  45%  with  autologous  plasma  and  WBC45  was 
measured  at  high  shear  rates  (450  sec  ) •  The  plasma 
viscosities  (suspending  media)  were  similar  in  the  three 
groups.  In  addition  the  shear  rate  was  well  above  the  50 


sec  1  required  for  total  dispersion  of  aggregates 
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There- 
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fore,  any  major  differences  in  blood  viscosity  would  be  due 
to  the  def ormabil ity  of  the  cells  in  suspension.  However, 
the  WBV45  was  similar  in  samples  at  rest  for  all  three 
groups.  Therefore,  if  any  differences  did  exist  they  were 
too  small  to  detect  by  this  indirect  method  for  the 
determination  of  red  cell  def ormabil ity . 

Whole  Blood  Viscosity 

Red  cells  suspended  in  plasma  exhibit  non-Newtonian 
characteristics  with  very  high  blood  viscosities  at  lower 
shear  rates  (Figure  2).  The  lowest  shear  rates  measured 
(11.25,  22.0,  and  45  sec  were  low  enough  for  aggregabil ity 
of  the  cells  to  influence  viscosity.  However,  at  the  three 
higher  shear  rates  only  the  hematocrit,  plasma  viscosity  and 
red  cell  def ormabi 1 i ty  influenced  viscosity.  Multiple  linear 
regression  analyses  with  whole  blood  viscosity  as  the  depen¬ 
dent  variable,  confirmed  previous  work  showing  that  hemato¬ 
crit  exerts  the  major  influence  on  whole  blood  viscosity  with 
total  plasma  protein  concentration  also  contributing  signifi¬ 
cantly.'1'4  Hematocrit  (packed  cell  volume)  and  total  plasma 
proteins  were  responsible  for  most  of  the  differences  in 
whole  blood  viscosity  when  rest,  exercise  and  recovery 
samples  were  compared . 

Whole  Blood  Viscosity  with  Exercise 

With  exercise,  hematocrit  and  plasma  protein  concentra¬ 
tions  increased  and  whole  blood  viscosity  markedly  increased. 
With  exercise  hematocrit  rose  from  41.0  to  44.6  percent  (8.9% 
increase  from  resting  values),  while  whole  blood  viscosity 
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rose  12.6%.  The  greatest  contributor  to  the  elevated  blood 
viscosity  was  the  hematocrit.  The  increase  in  whole  blood 
viscosity  attributable  to  the  increase  in  plasma  viscosity 
was  small,  but  significant.  As  a  result,  the  increase  in 
viscosity  was  more  than  would  be  expected  from  the  increase 
in  hematocrit  alone.  As  discussed  earlier  the  plasma  vis¬ 
cosity  did  not  increase  as  much  as  would  be  expected  if  only 
plasma  water  were  lost  because  of  a  net  loss  of  plasma  pro¬ 
teins  (especially  fibrinogen).  This  was  also  true  for  whole 
blood  viscosity. 

In  the  few  previous  studies  involving  whole  blood 

viscosity  in  a  healthy  population  the  results  agree  with 

29  71  75 

those  of  the  present  study.  '  However,  the  elements  of 

viscosity  were  not  examined  separately  in  these  previous 
studies  so  comparisons  cannot  be  made. 

Whole  Blood  Viscosity  with  Conditioning 

In  this  study  aerobic  conditioning  did  not  affect  whole 
blood  viscosity.  Whole  blood  viscosity  did  not  differ  signi¬ 
ficantly  among  the  three  groups  nor  did  it  correlate  with 
aerobic  capacity  (Figure  21).  Others  have  suggested  an 
inverse  correlation  between  fitness  levels  and  blood  visco¬ 
sity.29'54  However,  the  studies  involving  normal  subjects 
^ere  small,  and  poorly  controlled.  Multiple  rheological 
abnormalities  have  been  reported  in  patients  with  various 
cardiovascular  diseases.5,18  These  include  increased  blood 

viscosity  in  hypertensive  subjects  due  to  increases  in  plasma 

.  u  .  .  .  62,94,113 

viscosity,  fibrinogen  concentration  and  hematocrit. 
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Patients  recovering  from  myocardial  infarction  often  have 
increases  in  hematocrit,  plasma  viscosity,  fibrinogen  conce¬ 
ntration,  and  red  cell  aggregability ,  and  decreases  in  red 
blood  cell  deformabil ity . ^  Rheological  measurements  in  the 
evaluation  of  patients  have  become  a  useful  diagnostic 

indicator  of  impending  circulatory  problems  and  a  prognostic 

36  53  160 

tool.  '  '  Therefore,  it  is  not  surprising  to  see  signi¬ 

ficant  differences  in  blood  viscosity  factors  in  a  group  of 
"fit"  subjects  and  a  group  of  less  fit  subjects,  when  much  of 
the  latter  group  is  comprised  of  subjects  who  are  post- 
myocardial  infarction  patients,  anginal  patients  or  patients 
suffering  from  "low  energy  syndrome" .  ” 

Cardus  and  colleagues  reported  a  decrease  in  blood  vis¬ 
cosity  after  an  eight  week  conditioning  program  in  men.  The 
decrease  in  blood  viscosity  was  attributed  primarily  to  a 
drop  in  hematocrit.  The  major  problems  with  Cardus'  study 
was  the  failure  to  quantify  aerobic  capacity  before  or  after 
the  program.  In  addition,  since  hematocrit  and  blood  vis¬ 
cosity  may  be  lower  in  the  summer  months  due  to  heat  adapta¬ 
tion  and  plasma  volume  expansion,  controls  should  have  been 
included  in  this  study  to  document  that  hematocrit  changes 
were  not  due  to  seasonal  variations. 

Conclusion 

In  conclusion,  multiple  adaptations  occur  during  aerobic 
conditioning  to  enhance  oxygen  delivery  at  rest  and  during 
exercise.  However,  in  this  cross-sectional  study  there 
appeared  to  be  no  adaptive  adjustment  in  women  to  physical 
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conditioning  that  would  augment  oxygen  delivery  through  a 
reduction  in  blood  viscosity. 

The  results  of  this  study  do  enhance  our  knowledge  of 
blood  viscosity  changes  with  maximal  exercise.  With  maximal 
exerise,  increases  in  blood  viscosity  were  observed  which 
were  greater  than  would  be  expected  from  the  increase  in 
hematocrit  alone.  However,  the  increase  in  blood  viscosity 
was  less  than  expected  from  the  degree  of  hemoconcentration 
due  to  the  loss  of  plasma  proteins,  especially  fibrinogen 
from  the  vasculature  with  exercise. 
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VOLUNTEER  AGREEMENT  -  Hematologic  Alterations  with  Exercise  in  Women 

This  study  is  designed  to  assess  blood  clotting  and  other  changes  in  the  blood 
and  blood  elements  with  exercise  and  physical  conditioning.  These  cnanges  will 
be  compared  with  changes  in  the  cardiovascular  (heart)  and  respiratory 
(breathing)  systems  and  in  the  body's  ability  to  handle  heat  stress  with  exercise 
and  physical  conditioning. 

We  will  check  blood  samples  before  and  after  exercise.  Net  more  than  50  ml 
(about  3  tablespoons)  of  blood  will  be  drawn  from  a  vein  in  your  arm  before 
and  immediately  after  exercise.  This  may  cause  some  discomfort  or  bruising 
of  your  arm.  You  will  be  exercised  on  a  treadmill.  The  duration  of  exercise 
will  probably  be  between  8  and  15  minutes  depending  on  your  degree  of  physical 
conditioning . 

You  will  be  given  a  medical  evaluation  before  entering  this  study.  You  will  be 
watched  during  exercise  and  a  physician  will  be  in  attendance.  Your  heart  rate 
and  blood  pressure  will  be  recorded  during  exericse.  Your  body  temperature  will 
be  monitoreu  by  thermisters  (small  instruments  used  to  measure  temperature)  taped 
to  your  body,  a  rectal  thermister  and  a  thermister  in  your  ear.  You  will  be 
breathing  into  a  machine  which  will  analyze  oxygen  consumption  and  other  changes 
with  exercise. 

DoD  will  provide  medical  care  for  DoD  eligibles  (active  duty,  dependents,  and 
retired  military)  for  phvsical  injury  or  illness  resulting  from  participat ion 
in  this  research.  Such  care  may  not  be  available  to  other  research  participants. 
Compensation  may  be  available  through  judicial  avenues  to  non-active  duty  research 
paticipants  if  they  are  injured  through  negligence  (fault)  of  the  Government. 

Tf  you  believe  that  you  have  suffered  any  injury  or  illness  as  the  result  of 
participating  in  this  research,  please  contact  the  Office  of  Grants  Management, 
295-3303,  at  the  University.  This  office  can  review  the  matter  with  you  and  raav 
be  able  to  identify  resources  avaialable  from  the  University’s  Legal  Counsel, 
295-3028. 

Your  name  will  not  be  used  in  the  publication  of  this  date,  nor  will  your 
personal  data  be  released  without  y our  consent. 

You  should  not  donate  blood  for  two  weeks  after  these  tests. 
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STANDARD  FORM  93 

REV.  OCTOBER  1974  APPROVED 

GSA  FPMR  101-11.8  OFFICE  OF  MANAGEMENT  AND  BUDGET  No.  29-  R0191 


REPORT  OF  MEDICAL  HISTORY 

(THIS  INFORMATION  IS  FOR  OFFICIAL  AND  MEDICALLY-CONFIDENTIAl  USE  ONLY  AND  WILL  NOT  BE  RELEASED  TO  UNAUTHORIZED  PERSONS) 


1.  LAST  NAME— FIRST  NAME— MIDDLE  NAME 

2.  SOCIAL  SECURITY  OR  IDENTIFICATION  NO. 

3.  HOME  ADDRESS  (No.  afreet  or  RFD,  city  or  town.  State,  and  ZIP  CODE) 

4-  POSITION  (title,  grade,  component; 

5.  PURPOSE  OF  EXAMINATION 

6.  DATE  OF  EXAMINATION 

7.  EXAMINING  FACILITY  OR  EXAMINER.  AND  ADDRESS 
(Include  ZIP  Code; 

8.  STATEMENT  OF  EXAMINEE’S  PRESENT  HEALTH  AND  MEDICATIONS  CURRENTLY  USED  (Follow  by  doocription  of  peat  history,  if  comploint  axis is) 


9.  HAVE  YOU  EVER  (Please  chock  each  Horn) 


YES 

NO 

(Check  each  Itam) 

YES 

NO 

(Check  each  item; 

Lived  with  anyone  who  had  tuberculoeia 

Wear  glasses  or  contact  lenses 

Coughed  up  blood 

Have  vision  in  both  eyes 

Bled  excessively  after  iniury  or  tooth  extraction 

Wear  a  hearing  aid 

Attempted  suicide 

Stutter  or  stammer  habitually 

Been  a  sleepwalker 

Wear  a  brace  or  back  support 

10.  DO  YOU  (Plooso  chock  each  itom) 


II.  HAVE  YOU  EVER  HAD  OR  HAVE  YOU  NOW  (Plea se  chock  at  loft  of  aach  Item; 


YES 


NO 


OON’T 

KNOW 


(Check  aach  Item) 


Scarlet  favar,  erysipelas 


Rheumatic  fever 


Swollen  or  painful  Joints 


YES  NO 


DON’T 

KNOW 


(Check  aach  itam; 


Cramps  in  your  legs 


Frequent  indigestion 


Stomach,  liver,  or  intestinal  trouble 


YES 


NO 


DON’T 

KNOW 


(Check  each  item) 


’Trick”  or  locked  knee 


Foot  trouble 


Neuritis 


Frequent  or  severe  headache 


Gall  bladder  trouble  or  (allitones 


Paralysis  (include  infantile) 


Dizziness  or  fainting  spells 


Jaundice  or  hepatitis 


Epilepsy  or  fits 


Eye  trouble 


Ear,  nose,  or  throat  trouble 


Adverse  reaction  to  serum,  drug, 

or  medicine 


Car.  train,  sea  or  air  sickness 


Frequent  trouble  sleeping 


Hearing  Iota 


Broken  bones 


Depression  or  excessive  worry 


Chronic  or  frequent  colds 


Tumor,  growth,  cyst,  cancer 


Loss  of  memory  or  amnesia 


Severe  tooth  or  gum  trouble 


Rupture/hernia 


Nervous  trouble  of  any  sort 


Sinusitis 


Piles  or  rectal  dlseasa 


Pariods  of  unconsciousness 


Hay  Fever 


Frequent  or  peinfuf  urination 


Head  injury 


Skin  diseases 


Bed  wetting  since  age  12 
Kidney  stone  or  blood  in  urine 


Thyroid  trouble 


Sugar  or  albumin  In  urine 


Tuberculosis 


VD — Syphilis,  gonorrhea,  etc. 


Asthma 


Shortness  of  breath 


Recent  gain  or  loss  of  weight 
Arthritis,  Rhsumstlim,  or  Bursitis 


Pain  or  pressure  Inchest 


Bona,  Joint  or  other  defo.-mlty 


Chronic  cough 


Lameneta 


Palpitation  or  pounding  heart 


Loss  of  fingar  or  toa 


12.  FEMALES  ONLY:  HAVE  YOU  EVER 


Heart  trouble 


Plinful  or  ’’trick"  shoulder  or  slbow 


High  or  low  blood  pressure 


Recurrent  back  pain 


Seen  treated  for  a  female  disorder 


Had  a  change  in  menstruel  pattern 


13.  WHATISYOUR  USUAL  OCCUPATION? 


14.  ARE  YOU  (Check  one; 

j  Right  handed 


Left  handed 
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itandard  Form  8ft 

tcviscd  10 

jtncril  Sen  no  Administration 
nteriStncy  Comm.  on  Medical  Ri<,  rd*. 
*PMR  !c:-::.?or-s 


REPORT  OF  MEDICAL  EXAMINATION 


I  LAST  h»ME  FIRST  h*  w  L  -viDOLE  NAWL 


2.  GRADE  AND  COMPONENT  OR  POSITION 


I  3.  IDENTIFICATION  NO. 


CLINICAL  EVALUATION 

“nOrH  (Chech  each  item  in  appropr  i»fe  coh 

MAL  |  urnn  enter  '  NE  it  no f  evabjat ed  >  j 


,  ABNOR 

I  MAL 


IB  HEAD  FACt  NECK  AND  SCALP 


19  nose 


20  SlNuSEE 


21  MOuTh  and  Throat 


22  EARS  —  Gf NFPAl  A  r,\  eafot* 

q xu  *  und/**  iX^vtia  o  mrf 


23.  DHL  MS  (  PtrldTQl ton  l 


24  EYES -GENERAL  _ 

25  ophthalmoscope 


l  armlv  H'd  r»frnttknn 


i "•£  ei‘  n  nd  >.  '■ 


26  pupils  <  Pquolttf  and  reacnom 


n  ocular  mqt  nr v  mV„7T  ”0'' 

R1  Ff|M  **  ^  U  J  ' 


2B  LUNGS  AN C  CHEST  \JnJvdf  b'YCMl.O 


I  29.  HEART  <  Thru*!.  »>:e,  r/ly/A  m.  sou  ndti 


30.  VASCULAR  SYSTEM  i  <'or If O.nf .<«.  ft;  | 


,  3t.  ABDOMEN  and  VISCERA  \Jnclndr  hfrntn  t 


32  *Nl**1C  «KTuv  S£f 


33  endocrine  system 


34  G-U  SYSTEM 


)  35.  UPPER  EXTREMITIES  ^ 


36  FEET _ _ 

V  tOWEWEXTWMiTics^^w'^.,,,,^,.. 


31  SPINE.  OTHER  MLSCUL05KELETAL 


39  IDENTIFYING  BODY  MARKS  SCARS  TATTOOS 


NOTES  {Descnle  every  abnormality  »n  detail  Enter  pertinent  item  n^rr.bar  before  each 
comment  Continue  in  item  73  and  use  addit  tonal  ahaeta  if  neceaaary  ) 


4!.  NEUROLOGIC  1  Com. /Arm 

INI  Irda  u ttd'r  ttrm  ?!•  \ 

J 

|  42  PSYCHIATRIC 

y  p/ririnu/llir  d<\  I«fl4»1»  1 

i 

■ - 1 

i 

j  43.  PELVIC  f  females  on/y  i  Check  Aon1  done » 

□  vaginal  □  rectal  j 

l 

(Cont  m  ue  in  iterr 

|7J) 

44.  OENTAL  f  P/Liir  uppropnult  II 

,,/holi.  shown  in  exuntplei.  ./bote  or  betou 

number  of  upper  and  lower  teeth.) 

REMARKS  AND  ADDITIONAL  DENTAL 

DEFECTS  AND  DISEASES 

0 

■)  *>  Kti),,r,tbh 

?  3  , 

1 

!  J  Wm»hu 

j 

\  ^  Rr (tint  rtf 

f  h\ 

)  ?  3 

Y  *  Jt  «f«ri  i 

r 

].  /•  *  tf> 

->•  *  h  *  th 

3.  in  o\ 

V 

-  •  j  Jr  WJrr,  l 

R 

1 

\ 

12  3  4 

5  6  7 

8 

9  10 

11 

12  13  14 

15  16  e 

G  - 
H 

T 

32  31  30  29 

28  27  26 

25 

24  23 

22 

ns  < Tf 

21  20  19 

itv  (ihniurt 

18  17  F 

T 

45.  URINALYSIS  A  SPECIFIC  GRAVITY  - — i 

46.  CHEST  X  RAY  {Place,  date,  film  number  and  re$ult) 

B.  ALBUMIN 

D  MICROSCOPIC 

C  SUGAR 

47.  SEROLOGY  {Sped ft  teit  used  and  reault) 

48.  EKG 

49.  BLOOD  TYPE  AND  RH 
FACTOR 

50.  OTHER  TESTS 

References 


1. 


2. 


3. 


4. 


5. 


6. 


7. 


8. 


9. 


10. 


11. 


12. 


13. 


Adams,  W.C.  Blood  volume  in  young  men  and  women: 
Relation  to  body  composition  and  aerobic  capacity.  Med. 
Sci.  Sports  and  Exercise.  12(2) :97,  1980. 

Adolph,  E.F.  Physiology  of  Man  in  the  Desert.  New 
York:  Intersience,  Figure  10-2,  1947. 

American  Optical  Instructions  Manual  for  AOTS  Goldberg 
Ref ractometer .  Scientific  Instrument  Division,  Buffalo, 
NY,  1976. 

American  College  of  Sports  Medicine  Position  Statement 
on  the  recommended  quantity  and  quality  of  exercise  for 
developing  and  maintaining  fitness  in  healthy  adults 
Med.  Sci.  Sports  and  Exercise,  vii-x,  1978. 

Angelkort,  B.  and  H.  Kiesewetter.  Influence  of  risk 
factors  and  coagulation  phenomena  on  the  fluidity  of 
blood  in  chronic  arterial  occlusive  disease.  Effects  of 
pentoxifylline.  Scand.  J.  Clin.  Lab.  Invest.  41  Suppl . : 
185-188,  1981. 

Aronson,  H.B.,  F.  Magora,  J.G.  Schenler.  The  effect  of 
oral  contraceptions  on  blood  viscosity.  Am.  J.  Obstet. 
Gynecol.  110:  997-1001,  1971. 

Astrand,  P.O.  and  K.  Roadahl.  Textbook  of  Work 
physiology.  McGraw-Hill  Book  Co.,  N.Y.  1977. 

Astrand,  P.O.  Aerobic  and  anaerobic  work  capacity. 

Med.  Sport,  9:  Adv.  in  Exercise  Physiol.  55-60,  1976. 

Banta,  G.  Thermal  Response  to  Exercise  (PhD  Thesis) 
USUHS,  Bethesda,  MD,  1982. 

Bartoli,  V. ,  G.  Pasquini,  B.  Albanese,  R.  Morini,  P.G. 
Manescalchi ,  and  C.  Livi.  The  influence  of  hematocrit 
and  plasma  viscosity  on  blood  viscosity.  Clin.  Hemo- 
rheology.  2:319-327,  1982. 

Bates,  D.V.,  P.T.  Macklem,  and  R.V.  Christie. 
Respiratory  function  and  disease:  an  introduction  to 
the  study  of  the  lung.  2nd  ed.  W.B.  Saunders  Co., 
Philadelphia,  1971. 

Bazett,  H . C . ,  F.W.  Sunderman,  and  J.C.  Scott.  Climatic 
effects  on  the  volume  and  composition  of  blood  in  man. 
Am.  J.  Physiol.  129:  69-83,  1940. 

Beckman.  Metabolic  Measurement  Cart  (MMC)  Operator's 


116 


117 


training  manual.  Part  No.  673676  Beckman  Electronics 
Instruments  Division,  Beckman  Instruments,  Inc.,  1979. 

14.  Begg ,  T.B.  and  J.B.  Hearns.  Components  of  blood 
viscosity,  the  relative  contribution  of  hematocrit, 
plasma  fibrinogen  and  other  proteins.  Clin.  Sci.  31: 
87-93,  1966. 

15.  Benis,  A.M.,  S.  Usami,  and  S.  Chien.  Effect  of 
hematocrit  and  interstitial  losses  on  pressure-flow 
relations  in  the  isolated  hindpaw  of  the  dog.  Circ. 

Res.  27:  1047-1068,  1970. 

16.  Benner,  K.U.  and  M.  Geeren.  (Abstract)  The  influence  of 
physical  exercise  on  the  fluidity  of  blood  in  healthy 
human  subjects  and  patients  suffering  from  arterial 
occlusive  disease  (AOD) .  Clin.  Hemorheology  1  (3): 
296-297,  1981. 

17.  Berne,  R.M. ,  M.N.  Levy.  Cardiovascular  Physiology.  The 
Mosby  Co.,  St.  Louis,  1981. 

18.  Bidet,  J.M.,  M.  Gilbert,  J.  Cheynel,  J.  Duchene- 
Maruliaz,  and  J.C.  Lemarie.  Red  blood  cell 

f ilterabil ity  in  non-diabetic  patients  with  chronic 
occlusive  arterial  disease.  Scan.  J.  Clin.  Lab.  Invest. 
41:  Suppl .  156:  189-191,  1981. 

19.  Blattler,  W. ,  P.W.  Straub,  C.  Jeanneret,  and  G.S.  Horak . 
Effect  of  low  fibrinogen  concentrations  on  the  rheology 
of  human  blood  in  vitro.  Am.  J.  Physiol.  236:  H447— 451, 
1979. 

20.  Boucher,  J.H.,  E.W.  Ferguson,  C.L.  Wilhelmsen,  N. 
Statham,  and  R.R.  McMeekin.  Erythrocyte  alterations 
during  endurance  exercise  in  horses.  J.  Appl .  Physiol. 
Respirat.  Environ.  Exercise  Physiol.  51(1):  131-134, 
1981. 

21.  Brobeck,  J.R.  ( ed . )  .  Best  and  Taylor'  s  Physiological 
Basis  of  Medical  Practice.  10th  ed .  Williams  and  Wilkins 
Co.,  Baltimore,  1979. 

22.  Brookfield  Engineering  Laboratories  Micro-viscometer 
Operating  Instructions.  Brookfield  Engineering 
Laboratories,  Stoughton,  Ma. 

23  Brotherhood,  J.,  B.  Brozovic  and  L.G.C.  Pugh. 

Hematologic  status  of  middle  and  long  distance  runners. 
Cli.  Sci.  Mol.  Med.  48:  139-145,  1975. 

24.  Bucher,  W.C.,  E.  P.  Gall,  and  B.S.  Gechev.  The  zeta 
sedimentation  ratio  (ZSR)  as  the  routine  monitor  of 
disease  activity  in  a  general  hospital.  Am.  J.  Clin. 


118 


Pathol.  72:  65-67,  1979. 

25.  Buick,  F.J.,  N.  Gledhill,  A.B.  Froese,  L.  Spriet,  E.C. 
Meyers.  Effect  of  induced  ery throcythemia  on  aerobic 
work  capacity.  J.  Appl .  Physiol.  48(4):  636-643,  1980. 

26.  Bull,  B.S.  A  stat  ESR  method  unaffected  by  anemia. 

Lab.  Med.  35-37,  1972. 

27.  Bunch,  T.W.  Blood  test  abnormalities  in  runners.  Mayo 
Clin.  Proc.  55(2):  113-117,  1980. 

28.  Cardus,  D.  ,  F.  Ribas-Cardus ,  and  W.C.  Taggart.  Changes 
in  blood  viscosity  with  exercise  training.  Med.  Sci. 
Sports  and  Exercise.  13(2),  109,  1982. 

29.  Cardus,  D.  Exercise  testing:  methods  and  uses. 

Exercise  and  Sport  Sciences  Reviews,  Academic  Press, 
N.Y.,  London,  (6):  59-75,  1978. 

30.  Charlesworth ,  D.  Prognostic  value  of  initial  blood 
viscosity  on  vascular  surgery  and  treatment  in 
peripheral  disease.  Angiology.  32(4):  230-235,  1981. 

31.  Chen,  K.P.  Report  on  measurement  of  total  body  fat  in 
American  women  on  the  basis  of  specific  gravity  as  an 
evaluation  of  individual  fatness  and  leaness.  J. 
Formosan  Med.  Assoc.  52:  271,  1953. 

32.  Chien,  S.  Biophysical  behavior  of  red  cells  in 
suspensions.  The  Red  Cell,  Vol  1,  1031-1133,  1975. 

33.  Chien,  S.  Determinants  of  blood  viscosity  and  red  cell 
deformability .  Scand.  J.  Clin.  Lab.  Invest.  40:  Suppl . 
156:  7-12,  1981. 

34.  Chien,  S.  Principles  and  techniques  for  assessing 
erythrocyte  deformability.  Blood  Cells.  3:  71—99,  1977. 

35.  Chien,  S.,  U.  Shunichi,  R.J.  Dellenback,  and  C.A. 

Bryant.  Comparative  hemorheology  -  hematological 
implications  of  species  differences  in  blood  viscosity. 
Biorheology  8:  35-57,  1971. 

36.  Chien,  S.  Hemorheology  in  Clinical  Medicine.  Clin. 
Hemorheology  2:  137-142,  1982. 

37.  Chien,  S.  Hemorheology  in  disease:  pathophysiological 
significance  and  therapeutic  implications.  Clin. 
Hemorheology.  419-441,  1981. 

38.  Chien,  and  S.  Usami  et  al .  Blood  rheology  in  sickle 
cell  disease.  in  Proceedings  of  the  Symposium  on 
Molecular  and  Cellular  Aspects  of  Sickle  Cell  Disease. 


119 


Bethesda:  DHEW  (NIH),  277-300,  1976. 

39.  Chien,  S.,  R.J.  Dellenback,  S.  Usami  and  M.I.  Gregersen. 
Plasma  trapping  in  hematocrit  determination. 

Difterences  among  animal  species.  Proc .  Sci.  exp.  Biol. 
Med.  119:  1155-1158,  1965. 

40.  Chien,  S.,  S.  Usami,  R.J.  Dellenback  adn  M.I.  Gregersen. 
Influence  of  fibrinogen  and  globulins  on  blood  rheology 
at  low  shear  rates:  Comparison  among  elephant,  dog  and 
man.  In  Theoretical  and  Clinical  Hemorheology : 
Proceedings  of  the  Second  International  Conference  (Eds. 
Hartert,  H.H.,  Copley,  A.L.)  Springer-Verlay ,  New  York, 
144-151,  1971. 

41.  Clark,  M.R. ,  N.  Mohandas,  C.  Feo,  M.S.  Jacobs,  and  S.B. 
Shohet.  Separate  mechanisms  of  deformabil ity  loss  in 
ATP-depleted  and  calcium  loaded  erythrocytes.  J.  Clin. 
Invest.  67:  531-539,  1981. 

42.  Clement,  D.C.  and  J.T.  Sheperd.  Regulation  of 
peripheral  circulation  during  muscular  exercise.  Prog. 
Cardiovasc.  Dis.  19:  23,  1976. 

43.  Cohelet,  G.R.  Rheology  and  hemodynamics.  Ann.  Rev. 
Physiol.  42:  311-324,  1980. 

44.  Cohen,  R.J.,  L.S.  Cohen,  S.E.  Epstein  and  L.H.  Dennis. 
Alterations  of  fibrinolysis  and  blood  coagulation 
induced  by  exercise,  and  the  role  of  beta-adrenergic- 
receptor  stimulation.  Lancet.  1264-1266,  1968. 

45.  Collen,  D.,  N.  Semerano,  J.P.  Tricot,  J.  Vermylen. 
Turnover  of  fibrinogen,  plasminogen,  and  prothrombin 
during  exercise  in  man.  J.  Appl .  Physiol.  Respirat. 
Environ.  Exercise  Physiol.  42:  865-873,  1977. 

46.  Conley,  C.L.  and  J.L.  Nickerson.  Effects  of  temperature 
change  on  the  water  balance  of  man.  Amer.  J.  Physiol. 
143:  373-384,  1945. 

47.  Convertino,  V.A.  Changes  in  heart  rate  and  sweat  rate 
associated  with  exercise-induced  hypervolemia.  Med. 

Sci.  in  Sports  Exercise  12(2):  85,  1980. 

48.  Costill,  D.L.  and  W.J.  Fink.  Plasma  volume  changes 
following  exercise  and  thermal  dehydration.  J.  Appl. 
Physiol.  37(4):  521-525,  1974. 

49.  Costill,  D.L.,  L.  Branam,  D.  Eddy  and  W.  Fink. 
Alterations  in  red  cell  volume  following  exercise  and 
dehydration.  J.  Appl.  Physiol.  37(6):  912-916,  1974. 

50.  Crowell,  J.W.  and  E.E.  Smith.  Determination  of  the 


120 


optimal  hematocrit.  J.  Appl .  Physiol.  22:  501-504, 

1967. 

51.  Dill,  D.B.  and  D.L.  Costill.  Calculation  of  percentage 
changes  in  volumes  of  blood,  plasma,  and  red  cells  in 
dehydration.  J.  Appl.  Physiol.  37(2):  247-248,  1974. 

52.  Dill,  D.B.,  S.M.  Horvath,  W.  Van  Beaumont,  G.  Gehlsen, 
and  K.  Burrus.  Sweat  electrolytes  in  desert  walks.  J. 
Appl.  Physiol.  23(5):  746-751,  1967. 

53.  Dintenfass,  L.  Rheology  of  blood  in  diagnostic  and 
preventive  medicine:  an  introduction  to  clinical 
hemorheology .  London  Butterworths ,  1976. 

54.  Dintenfass,  L.  and  B.  Lake.  Exercise  fitness,  cardiac 
work  and  blood  viscosity  factors  in  patients  and 
normals.  Eur.  Surg.  Res.  8:  174-184,  1976. 

55.  Dintenfass,  L.  and  B.  Lake.  Blood  viscosity  factors  in 
evaluation  of  submaximal  work  output  and  cardiac 
activity  in  men.  Angiology  28:  788-798,  1977. 

56.  Dintenfass,  L.  Blood  microrheology,  viscosity  factors 
in  blood  flow,  ischaemia  and  thrombosis.  London, 
Butterworths,  1971. 

57.  Di  Perri,  T.  Rheological  factors  in  circulatory 
disorders.  Angiology.  30:  480-486,  1979. 

58.  Ditzel,  J.  and  J.  Kampmann.  Whole  blood  viscosity, 
hematocrit  and  plasma  protein  in  normal  subjects  at 
different  ages.  Acta  Physiol.  Scand.  81:264-268,  1971. 

59.  Dormandy,  M.D.,  C.J.P.  Yates,  and  G . A.  Berent.  Clinical 
relevance  of  blood  viscosity  and  red  cell  def ormabil ity 
including  newer  therapeutic  aspects.  Angiology  32(4): 
236-242,  1981. 

60.  Dormandy,  J.A.  Medical  and  engineering  problems  of 
blood  viscosity.  Biomed.  Eng.  9(7):  284-289,  1974. 

61.  Dressendorf er ,  R.H.,  C.E.  Wade,  and  E.A.  Amsterdam. 
Development  of  pseudoanemia  in  marathoner  runners  during 
a  20-day  road  race.  JAMA  246:  1215-1218,  1981. 

62.  Ehrly,  A.M.  and  H.  Landgraf.  Red  blood  f ilterability 
and  occlusive  arterial  disease.  Scand.  J.  Clin.  Lab. 
Invest.  41:  Suppl .  156:  181-184,  1981. 

63.  Ehrly,  A.M.  and  H.  Landgraf.  Analysis  of  the  specific 
hemorheolog ical  effects  of  low  molecular  weight  dextran 
( LMWD)  and  saline  infusions  in  healthy  volunteers. 

Clin.  Hemorheology,  1:  99-109,  1981. 


121 


64.  Ekblom,  B.  and  L.  Hermansen.  Cardiac  output  in 
athletes.  J.  Appl .  Physiol.  25(5):  619-625,  1968. 

65.  Ekblom,  B.  Effect  of  physical  training  on  0-  transport 
system  in  man.  Acta  Physiol.  Scand.  Suppl .  328:  1-45, 
1969. 

66.  Ekblom,  B.,  P.0.  Astrand,  B.  Saltin,  J.  Stanberg,  and  B. 
Wallstrom.  Effects  of  training  on  the  circulatory 
response  to  exercise.  J.  Appl.  Physiol.  24:  518-528, 
1968. 

67.  Emeriau,  J.P.,  M.  Deguihem,  C.  Borde,  F.  Raynal , 

M.R.  Boisseau  and  P.  Galley.  Filterabil ity  and 
cerebrovascular  disease.  Scand.  J.  Clin.  Lab.  Invest. 
41:  Suppl.  256:  217-220,  1981. 

68.  Ernst,  E.  and  J.  Dormandy.  The  effects  of  Arvin  and 
surgery  on  red  cell  f il terabil i ty .  Scand.  J.  Clin.  Lab. 
Invest.  41:  Suppl.  156:  317-319,  1981. 

69.  Fahraeus,  R.  The  suspension  stability  of  blood. 

Physiol.  Rev.  9:  241-174,  1929. 

70.  Fahreaus,  R.  and  T.  Lindquist.  The  viscosity  of  blood 
in  narrow  capillary  tubes.  Am.  J.  Physiol.  96:  562-568, 
1931. 

71.  Fendler ,  K. ,  K.  Lissak,  M.  romhanyi,  E.  Orz,  R.  Szucs, 
adn  G.L.  Kovacs.  Adaptive  processes  in  child  and 
adolescent  swimmers,  blood  coagulation,  and  viscosity. 
Acta  Physiologica  Academiae  Scientarium  Hungaricae, 

Tomus  49(1):  17-26,  1977. 

72.  Ferguson,  E.W.  and  M.M.  Guest.  Exercise,  physical 
conditioning,  blood  coagulation  and  fibrinolysis. 

Thromb.  Diathesis.  Haemorrh.  31:  63-71,  1974. 

73.  Ferguson,  E.W.,  C.F.  Barr  and  L.L.  Bernier. 

Fibr inogenolysis  and  fibrinolysis  with  strenuous 
exercise.  J.  Appl.  Physiol.:  Respirat.  Environ. 
Exercise  Physiol.  47(6):  1157-1161,  1979. 

74.  Fischer,  T.  and  H.  Schmid-Schonbein.  Tank  tread  motion 
of  red  cell  membranes  in  viscometric  flow:  behavior  of 
intracellular  and  extracellular  markers  (with  film). 
Blood  Cells.  3:351-365,  1977. 

75.  Fukuda,  T.  ,  S.  Higaki,  K.  Yamamoto,  T.  Sekiya,  Y. 

Morita,  and  Y.  Nakamura.  Red  cell  def ormabil ity  and 
platelet  function  during  exercise  in  patients  with 
coronary  artery  disease.  Biorheology  18(2):  282-283, 
1981. 


122 


76.  Gallnick,  P.D.  Biochemical  adaptations  to  exercise: 
anaerobic  metabolism.  Exercise  and  sport  science 
reviews.  Vol  1,  Academic  Press,  N.Y.  and  London,  1-45, 
1973. 

77.  Godal  ,  H.C.  and  H.E.  Refsum.  Haemolysis  in  athletes  due 
to  hereditary  spherocytosis,  Scand.  J.  Haematol.  22(1): 
83-86,  1979. 

78.  Gledhill,  N.  Blood  doping  and  related  issues:  a  brief 
review.  Med.  Sci.  Sports  Exercise,  14(3)  183-189,  1982. 

79.  Greenleaf,  J.E.,  V.A.  Convertino,  R.W.  Stremel,  E.M. 
Bernauer,+W.C. 2£dams,  S.R.  Vignau  and  P.J.  Brock. 

Plasma  Na  ,  Ca^  ,  and  volume  shifts  and  thermoregulation 
during  exercise  in  man.  J.  Appl .  Physiol.:  Respirat. 
Environ.  Exercise  Physiol.  43(6):  1026-1032,  1977. 

80.  Gurewich,  V.,  I.  Lipinski  and  B.  Lipinski.  Exercise- 
induced  fibrinolytic  activity  and  its  effect  on  the 
degradation  of  fibrinogen,  fibrin  and  fibrin-like 
precipitates.  Thromb.  Res.  5:  647-656,  1974. 

81.  Gustafsson,  L.,  L.  Appelgren,  and  H.E.  Myrvold.  Effects 

of  increased  plasma  viscosity  and  red  blood  cell 
aggregation  on  blood  viscosity  in  vivo.  Am.  J.  Physiol. 
241:  H  513-518,  1981. 

82.  Guyton,  A.C.  Textbook  of  Medical  Physiology.  W. 

Saunders  Co.,  Ph i 1 ladelph ia ,  1976. 

83.  Henrikson,  J.  and  J.S.  Reitman.  Time  course  of  activity 
changes  in  human  skeletal  muscle  succinate  dehydrogenase 
and  cytochrome  oxidase  activities  and  maximal  oxygen 
uptake  with  physical  activity  and  inactivity.  Acta 
Physiol  Scand.  99:  91-97,  1977. 

84.  Hermann,  T. ,  C.  Vasselon,  A.  Geyssant  and  J.C.  Healy. 

RBC  f il terabil i ty  ,  oxygen  saturation,  ATP  intracellular 
stock  and  cerebral  microcirculations.  Scand.  J.  Clin. 
Lab.  Invest.  41:  Suppl .  156:  213-216,  1981. 

85  Holloszy,  J.O.  Biochemical  adaptations  to  exercise: 
aerobic  metabolism.  In  Exercise  and  sports  sciences 
reviews.  (1) ,  Academic  Press,  N.Y.  and  London,  46-75, 
1973. 

86.  Hossack,  K.F.  and  R. A.  Bruce.  Maximal  cardiac  function 
in  sedentary  normal  men  and  women:  comparison  of 
age-related  changes.  J.  Appl.  Physiol.:  Respirat, 
Environ,  Exercise  Physiol.  53(4):  799-804,  1982. 

87.  Jackson,  A.S.,  M.L.  Pollock,  and  A.  Ward.  Generalized 


123 


equations  for  predicting  body  density  of  women.  Med. 
Sci.  Sports  Exercise  12(3):  175-182,  1980. 

88.  Kaijser,  J.  Limiting  factors  for  aerobic  muscle 
performance.  Acta  Physiol.  Scand.  Suppl.  346:  1-96; 
1970. 

89.  Kaltreider,  N.L.  and  G.R.  Meneely.  The  effect  of 
exercise  on  the  volume  of  blood.  J.  Clin.  Invest.  29: 
627-634,  1940. 

90.  Karp,  J.E.  and  W.R.  Bell.  Fibrinogen-fibrin  degradation 
products  and  fibrinolysis  following  exercise  in  humans. 
Am.  J.  Physiol.  227:  1212-1215,  1974. 

91.  Karvonen,  J.  and  J.  Saarela.  Hemoglobin  changes  and 

decomposition  of  erythrocytes  during  25  hours  following 
a  heavy  exercise  run.  J.  Sports  Med.  Phys.  Fitness, 
16(3):  171-176,  1976. 

92.  Klitzman,  B.  and  B.R.  Duling.  Microvascular  hematocrit 
and  red  cell  flow  in  resting  and  contracting  striated 
muscle.  Am.  J.  Physiol.  237(4):  H481-90,  1979. 

93.  Klose,  H.J.,  E.  Volger,  H.  Brechtelsbauer ,  L.  Heinich, 
and  H.  Schmid-Schoebein .  Microrheology  and  light 
transmission  of  blood.  I.  The  photometric  effects  of 
red  cell  aggregation  and  red  cell  orientation.  Pflugers 
Arch.  333:  126-139,  1972. 

94.  Letcher,  R.L.,  S.  Chien,  T.G.  Pickering,  J.E.  Sealey  and 
J.H.  Laragh.  Direct  relationship  between  blood  pressure 
and  blood  viscosity  in  normal  and  hypertensive  subjects 
role  of  fibrinogen  and  concentration.  Amer .  J.  Med.  70: 
1195-1202,  1981. 

95.  Letcher,  R.L.  Plasma  viscosity  in  athletes  and 
sedentary  normal  subjects.  Clin.  Cardiol.  4:  172-179, 
1981. 

96.  Levy,  M.N.  and  L.  Shane.  The  influence  of  erythrocyte 
concentration  upon  the  pressure  flow  relationships  in 
the  dog's  hindlimb.  Circ.  Res.  1:247,  1953. 

97.  Lindeman,  R.  and  R.  Ekanger.  Hematological  changes  in 
normal  men  during  prolonged  severe  exercise.  Amer. 

Corr.  Ter.J.  107-111,  1978. 

98.  Lingard,  P.S.  Blood  rheology  and  oxygen  supply  to 

tissue.  Clinical  Hemorheology ,  Vol .  2,  13-19,  1982. 

99.  Lipowsky,  H.H.,  S.  Usami,  and  S.  Chien.  In  vivo 
measurements  of  apparent  viscosity  and  microvessel 
hematocrit  in  the  mesentery  of  the  cat,  Microvas.  Res., 


124 


19:  297-319,  1980. 

100.  Lowe,  G.D.O.,  M.M.  Drummond,  C.D.  Forbes,  C.R.M. 
Prentice  and  J.C.  Barbenel.  Blood  and  plasma  viscosity 
in  prediction  of  venous  thrombosis.  Scand.  J.  Clin. 

Lab.  Invest.  41:  Suppl .  156:  1981. 

101.  Lundvall,  J.,  S.  Mellander,  H.  Westling  and  T.  White. 
Fluid  transfer  between  blood  and  tissues  during 
exercise.  Acta  Physiol.  Scand.  85:  258-269,  1972. 

102.  Lutz,  H.U.  and  J.  Fehr.  Total  sialic  acid  content  of 
glycophorins  during  senescence  of  human  red  blood  cells. 
J.  Biological  Chem.  254(22):  11177-11180,  1979. 

103.  McDonough,  J.R.  and  R.A.  Bruce.  Maximal  exercise 
testing  in  assessing  cardiovascular  function,  j.  South 
Carolina  Med.  Assoc.  65:26,  1969. 

104.  Martin,  D.G.,  J.H.  Boucher  and  E.W.  Ferguson.  Red  cell 
changes  with  exercise.  Society  of  Air  Force  Physicians 
Annual  Meeting,  1982. 

105.  Martin,  D.G.,  J. Harmon,  L.  Bernier  and  E.W.  Ferguson. 
Whole  blood  viscosity  in  endurance  running.  Society  of 
Air  Force  Physicians  Annual  Meeting,  1983. 

106.  Meiselman,  H.J.  Morphological  determinants  of  red  cell 
deformabil ity .  Scand.  J.Clin  Lab.  Invest.  41:  Suppl. 
156:  27-34,  1981. 

107.  Meiselman,  H.J.,  E.A.  Evans  and  R.M.  Hochmuth.  Membrane 
mechanical  properties  of  ATP-depleted  human 
erythrocytes.  Blood.  52:499-504,  1978. 

108.  Merrill,  E.W.  Rheology  of  blood.  Phys.  Reviews  49: 
863-888,  1969. 

109.  Mohandas,  N.,  M.R.  Clark,  M.S.  Jacobs,  and  S.B.  Shohet. 
Analysis  of  factors  regulating  erythrocyte 
deformabil ity .  J.  Clin.  Invest.  66:  563-573,  1980. 

110.  Nadel,  E.R.,  E.  Cafarelli,  M.F.  Roberts,  and  C.B. 

Wenger.  Circulatory  regulation  during  exercise  in 
different  ambient  temperatures.  J.  Appl.  Physiol.  46: 
430-437,  1979. 

111.  Nadel,  E.R.  Circulatory  and  thermal  regulations  during 
exercise.  Federation  Proc.  39:  1491-1497,  1980. 

.  Nagle,  F.J.  Physiological  assessment  of  maximal 

performance.  In  Exercise  and  Sport  Reviews,  Academic 
Press,  N.Y.  and  London,  313-338,  1973. 


112 


125 


113.  Natsume,  T.,  M.  Tsuchiya,  A.  Sakaguchi,  R.  Nakayama  and 

M.  Sheda.  The  role  of  blood  viscosity  in  hypertension. 
Clin.  Hemorheology .  2:109-115,  1982. 

114.  Novosadova,  J.  The  changes  in  hematocrit,  hemoglobin, 
plasma  volume,  and  proteins  during  and  after  different 
types  of  exercise.  Europ.  J.  Appl .  Physiol.  36: 

223-230,  1977. 

115.  Nylin,  G.  The  effect  of  heavy  muscular  work  on  the 
volume  of  circulating  red  corpuscles  in  man.  Am.  J. 
Physiol.  149:  180-184,  1947. 

116.  Olsson,  A.G.,  M.  Blomback  and  L.G.  Ekelund.  Effect  of 
blood  viscosity  decrease  on  exercise  ST  segment 
depressions  in  hyperlipidemia.  Artery  7(3):  206-214, 
1980. 

117.  Oscai,  L.B.,  B.T.  Williams  and  B.A.  Hertig.  Effect  of 
exercise  on  blood  volume.  J.  Appl.  Physiol. 

24(5): 622-624 ,  1968. 

118.  Oski,  F.A.,  B.  Lubin  and  E.D.  Buchert.  Reduced  red  cell 
f ilterabil ity  with  oral  contraceptive  agents.  Ann. 
Intern.  Med.  77:  417-419,  1972. 

119.  O'Toole,  M.L.,  A.M.  Paolone,  R.B.  Ramsey  and  W.F.  Irion. 
The  effects  of  heat  acclimatization  on  plasma  volume  and 
plasma  protein  of  females.  Med.  Sci.  Sports  Exercise 
12(2):  85,  1980. 

120.  Pate,  R.R.,  C.  Barnes  and  W.  Miller.  A  physiological 
comparison  of  performance-matched  male  and  female 
distance  runners.  Med.  Sci.  Sports  Exercise  14(2):  139, 
1982. 

121.  Persson,  S.G.B.  On  blood  volume  and  work  capacity  in 
horses.  Acta.  Vet.  Scand.  Suppl .  19:  1-188,  1967. 

122.  Persson,  S.G.B.  The  circulatory  significance  of  the 
splenic  red  cell  pool.  Proc.  Equine  Hemat.  303-310, 
1975. 

123.  Platt,  H.A.,  J.V.  Chuba,  H.S.  Kaplan.  Initial  studies 
of  the  temperature-viscosity  relationship  of  human 
plasma  and  serum.  Biorheology  15:  29-35,  1978. 

124.  Pollack,  M.L.,  E.E.  Laughridge,  B.  Coleman,  A.C. 
Linnerud  and  A.  Jackson.  Prediction  of  body  density  in 
young  and  middle-aged  women.  J.  Appl.  Physiol. 
38:745-749,  1975. 

125.  Radomski,  M.W.,  B.H.  Sabiston  and  P.  Isoard. 

Development  of  "sports  anemia"  in  physically  fit  men 


126 


after  dally  sustained  subraaximal  exercise.  Aviat.  Space 
Environ.  Med.  51(1):  41-45,  1980. 

126.  Refsum,  H.E.,  G.  Jordfald  and  S.B.  Stromme. 

Hematological  changes  following  prolonged  heavy 
exercise.  Med.  Sport,  Advances  in  Exercise  Physiology, 
9:  91-99,  1976. 

127.  Reid,  H.L.,  J.H.  Barnes,  P.J.  Lock,  J.A.  Dormandy  and 
T.C.  Dormandy.  A  simple  method  for  measuring 
erythrocyte  def ormab il ity .  J.  Clin.  Pathol.  28: 

855-858,  1976. 

128.  Reid,  H.L.,  A.J.  Dormandy,  A.j.  Barnes,  P.J.  Lock  and 
T.L.  Dormandy.  Impaired  red  cell  def ormabil ity  in 
peripheral  vascular  disease.  Lancet  1:  666-668,  1976. 

129.  Reinhart,  W.H.,  M.  Staubli  and  P.W.  Straub.  Impaired 
red  cell  f ilterabil ity  with  elimination  of  old  red  blood 
cells  during  a  100-km  race.  J.  Appl .  Physiol.:  Respirat. 
Environ.  Exercise  Physiol.  54(3):  827-730,  1983. 

130.  Roodman,  G.D.,  E.P.  Reese  and  J.M.  Cardamone.  Aplastic 
anemia  associated  with  rubber  cement  used  by  a  marathon 
runner.  Arch.  Int.  Med.  140(5):  703,  1980. 

131.  Sal  tin,  B.  and  L.B.  Rowell.  Functional  adaptations  to 
physical  activity  and  inactivity.  Federation  Proc.  39: 
1506-1513,  1980. 

132.  Schmid-Schonbein,  H.  and  P.  Gaehtgens.  What  is  a  red 
cell  deformability?  Scand.  J.  Clin.  Lab.  Invest.  41: 
Suppl  .  156:  13-236,  1981. 

133.  Schmid-Schonbein,  H. ,  R.E.  Wells  and  J.  Goldstone. 

Fluid  drop-like  behaviour  of  erythrocytes — disturband  in 
pathology  and  its  quantification.  Biorheology,  Vol  7, 
pp  227-234,  1971. 

134.  Schmid-Schonbein,  H.  Continuous  viscous  deformation  of 
red  blood  cells  in  flow  and  their  disturbance  in  sickle 
cell  disease.  Blood  Cells  8:29-51,  1982. 

135.  Scholz,  P.M.,  J.H.  Karis,  F.E.  Gump,  J.M.  Kinney  and  S. 
Chien.  Correlation  of  blood  rheology  with  vascular 
resistance  in  critically  ill  patients.  J.  Appl. 

Physiol.  39(6):  1008-1011,  1975. 

136.  Seaman,  G.V.F.,  R.  Engel,  R.L.  Swank  and  W.  Hissen. 
Circadian  periodicity  in  some  physiochemical  parameters 
of  circulating  blood.  Nature  (London)  207:  833-835, 
1965. 

.  Senay,  L.C.,  Jr.,  G.  Rogers  and  P.  Jooste.  Changes  in 


137 


127 


blood  plasma  during  progressive  treadmill  and  cycle 
exercise.  J.  Appl .  Physiol.  Respirat.  Environ.  Exercise 
Physiol.  49(1):  59-65,  1980. 

138.  Shepard,  R.J.  Cardiorespiratory  fitness  -  a  new  look  at 
maximum  oxygen  intakes.  Med  Sport,  Adv  in  Exercise 
Physio.  (9)  61-84,  1976. 

139.  Shiraki,  K.,  T.  Yamada  and  H.  Hoshimura.  Relation  of 
protein  nutrition  to  the  reduction  of  red  blood  cells 
induced  by  physical  training.  Jpn.  J.  Physiol.  27(4): 
413-421,  1977. 

140.  Sigma  Technical  Bulletin  No.  726-UV  and  No.  826-UV.  The 
quantitative  determination  of  pyruvic  acid  and  lactic 
acid  in  whole  blood  at  340  nm.  1977. 

141.  Siri,  W.E.  Body  composition  from  fluid  spaces  and 
density.  In:  Techniques  for  measuring  body 
composition.  Brozek  and  Henschel,  eds.  Washington 
D.C.,  Nat ' 1 .  Acad.  Sci,  1961. 

142.  Snellen,  J.W.  Body  temperature  during  exercise.  Med. 
Sci.  Sports  Exercise  1(1):  39-42,  1969. 

143.  Sparks,  H.V.  Mechanism  of  vasodilation  during  and  after 
ischemic  exercise.  Federation  Proc.  39:  1487-1490, 

1980. 

144  Stoltz,  J.F.  Cardiovascular  diseases,  risk  factors  and 
hemorheolog ical  parameters.  Clin.  Hemorheology  1(3) 
257-267,  1981. 

145.  Stone,  H.O.,  H.K.  Thompson,  Jr.  and  K.  Schmidt-Nielsen . 
Influence  of  erythrocytes  on  blood  viscosity.  Am.  J. 
Physiol.  214(4):  913-918,  1968. 

146  Strauss,  M.B.,  R.K.  Davis,  J.D.  Rosenbaum,  and  E.C. 

Rossmeisl .  "Water  Diureis"  produced  during  recumbancy 
after  intravenous  infusion  of  istonic  saline  solution. 

J.  Clin.  Invest.  30:  862-868,  1951. 

147.  Streeton,  J.A.  Traumatic  hemoglobinuria  caused  by 
karate  exercises.  Lancet.  191-192,  1967. 

148.  Stuart,  J.  and  M.W.  Kenny.  Blood  rheology.  J.  Clin. 
Pathol.  33:  417-429,  1980. 

149.  Szasz,  I.,  M.  Hasitz  and  J.H.  Breuer  et  al .  Biconcave 
shape  and  its  transformations  in  human  red  cells.  Acta. 
Biol.  Acad.  Sci.  Hung.  29:1-16,  1978. 

150.  Thomson,  J.A.,  H.J.  Green,  R.L.  Hughson  and  M.E.  Bali. 
Alterations  in  blood  volume  following  short  terra  high 


128 


intensity  exercise.  Med.  Sci.  Sports  Exercise  14(2): 
165-166,  1982. 

151.  Thomson,  J.M.,  J.A.  Dempsey,  L.W.  Chosy,  N.T.  Shahidi 
and  W.F.  Reddan.  Oxygen  transport  and  oxyhemoglobin 
dissociation  during  prolonged  muscular  work.  J.  Appl . 
Physiol.  37(5):  658-664,  1974. 

152.  Thurston,  G.B.  The  viscosity  and  viscoelasticity  of 
blood  in  small  diameter  tubes.  Microvas  Res.  11: 
133-146,  1976. 

153.  Tomasik,  M.  Physical  exercise  effect  on  erythrocyte 
metabolism.  Acta.  Physiol.  Pol.  30(5-6):  633-638,  1979. 

154.  Usami,  S.  Physiological  significance  of  blood  rheology. 
Biorheology  19:  29-46,  1982. 

155.  Van  Beaumont,  W. ,  J.E.  Greenleaf  and  L.  Juhos. 

Disproport ional  changes  in  hematocrit,  plasma  volume, 
and  proteins  during  exercise  and  bed  rest.  J.  Appl. 
Physiol.  33(1):  55-61,  1972. 

156.  Van  Beaumont,  W.  Red  cell  volume  with  changes  in  plasma 
osmolarity  during  maximal  exercise.  J.  Appl.  Physiol. 
35(1):  47-50,  1973. 


157.  Van  Beaumont,  W. ,  S.  Underkofler,  and  S.  Van  Beaumont. 
Exrythrocyte  volume,  plasma  volume,  and  acid-base 
changes  in  exercise  and  heat  dehydration.  J.  Appl. 
Physiol.:  Respirat.  Environ.  Exercise  Physiol.  50(6): 
1255-1262,  1981. 

158.  Van  Beaumont,  W.  Evaluation  of  hemoconcentration  from 
hematocrit  measurements.  J.  Appl.  Physiol.  31:  712—713, 
1972. 


159.  Van  Beaumont,  W.,  J.C.  Strand,  J.S.  Petrofsky,  S.G. 

Hipskind  and  J.E.  Greenleaf.  Changes  in  total  plasma 
content  of  electrolytes  and  proteins  with  maximal 
exercise.  J.  Appl.  Physiol.  34(1):  102—106,  1973. 


160 


Van  Beaumont,  W.  and  R.H.  Rochelle.  Erythrocyte  volume 
stability  with  plasma  osmolarity  changes  in  exercising 
man.  Proc.  Soc.  Exp.  Bio.  Med.  145:  240-243,  1974. 


161. 


Volger,  E.,  J.  Klein,  S.  Stoiber  and  H.  Blomer. 
erythrocyte  f ilterabil ity  in  risk  factors  of 
cardiovascular  diseases.  Scand.  J.  Clin.  Lab. 
41:  Suppl .  156,  1981. 


Invest . 


Weed  R.I.,  P.L.  LaCelle  and  E.W.  Merrill.  Metabolic 
dependence  of  red  cell  deformabil ity .  J.  Clin.  Invest. 
48:  795-809,  1969. 


162. 


129 


163.  Wells,  R.E.,  R.  Denton  and  E.W.  Merrill.  Measurement  of 
viscosity  of  biologic  fluids  by  cone  plate  viscometer. 

J.  Lab.  Clin.  Med.  57(4):  646-656,  1961. 

164.  West,  J.B.  Respiratory  Physiology  -  The  Essentials. 

2nd  ed .  Williams  and  Wilkins,  Baltimore/London.  1979. 

165.  Yarus,  S.A.,  E.  Burton  and  J.E.  Wilkerson.  Plasma 
volume  changes  during  incremental  and  sinusidal  bicycle 
ergometer  exercise  in  man.  Human  Performance  Lab., 
Indiana  University,  Bloomington,  IN. 

166.  Young,  C.M.  Body  composition  of  "older"  women.  J.  Am. 
Diet.  Assoc.  43:  344,  1963. 


